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ABSTRACT
T he d iffe re n tia l co sm ic  ray p ro ton  and he lium  sp e c tra  have been 
m e a s u re d  d u r in g  th e  1987  s o la r  m in im u m  u s in g  a b a llo o n -b o rn e  
s u p e rc o n d u c tin g  m a g n e tic  s p e c tro m e te r  la u n c h e d  from  P r in c e  A lb e rt, 
Canada. The chang ing  geom agnetic  c u to ff  a long  the balloon  tra jec to ry  was 
observed in the low energy proton data to  be about 25%  below  the nom inal 
calcu la ted  values. The m easured partic le  fluxes w ere approxim ately  equal to 
the h ighest fluxes observed at the previous so lar m inim um  in 1977. Above 
10 GV the observed spectra are represented  by a pow er law  in rig id ity  with 
spectral indices o f 2 .74 ± 0.02 fo r protons and 2.68 ± 0.03 fo r helium . The 
m easurem ents above 200 M eV /nucleon are consisten t w ith  rig id ity  pow er law 
in te rs te lla r  spectra  m odulated  w ith the so la r m odulation  param eter 
<)> = 500 MV. The energy dependence o f the proton to helium  ratio is consistent 
w ith  rig id ity  pow er law  in jec tion  spectra  and rig id ity -d ep en d en t p ropagation  
w ith o u t re -a c c e le ra tio n .
I. INTRODUCTION
.h
C osm ic ray s , ch a rg ed  p a rtic le s  from  e x tra te r re s tr ia l  so u rc e s , w ere 
d iscovered by H ess in 1911. In the early days, the central problem  in cosm ic 
rays w as the natu re  o f e lem entary  particles and th e ir  in terac tions. In fact, 
m any e le m en ta ry  p a rtic le s  w ere d isc o v e red  in  co sm ic  ray s , and  th e ir
properties w ere know n before  accelerators w ere used to  study them  in detail. 
L ater, in the 1950s the geophysical and astrophysical aspects o f  cosm ic rays 
rep laced  the n u c lea r aspec t as the cen te r o f  cosm ic ray s tu d ies , a lthough 
th ere  s till rem ain  im portan t p rob lem s co n cern in g  in te rac tio n s  at ex trem ely
h ig h  e n e rg ie s .
C osm ic ray p a rtic le s  p rov ide  the  only  m eans fo r d ire c tly  s tudy ing
sam ples o f  m a tte r  from  beyond  our so la r system . T hey  are the key to 
understand ing  the  recen t h isto ry  o f  nucleosyn thesis  in the  galaxy , i.e. since 
the tim e o f  the form ation o f  the so lar system . T he cosm ic ray spectra  and 
ch em ica l co m p o sitio n  co n ta in  in fo rm atio n  abou t n u c le a r  sy n th es is  in the 
cosm ic  ray  so u rces  and the  p ro cess  o f  p ro p ag a tio n  th ro u g h  in te rs te lla r  
space. T he sam ple o f  cosm ic rays observed  at earth , how ever, has been 
s ig n ifican tly  m od ified  du ring  p ropaga tion , so it does no t d irec tly  rep resen t 
the  sou rce  p ro p e rtie s . K now ledge  abou t the  la t te r  req u ires  tak in g  in to  
accoun t the  ch a ra c te ris tic s  o f  the in te rs te lla r  m edium  and the  p ropaga tion  
p rocess (R am aty, R eam es, and L ingen fe lte r 1970; De F re itas  Pacheco  1971; 
P ark er 1976).
P ro to n  and h e liu m  n u c le i a re  the  tw o  d o m in a n t co sm ic  ray
com ponents, so the study o f  th e ir  spectral shapes and re la tive  abundance is 
the  basis fo r understand ing  partic le  p ropagation  in in te rs te lla r  space and
1
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p a rtic le  acce le ra tio n  in the  source  reg ion . T he observed  spectra  are  also  
related to the local environm ent o f  the Earth and the Solar system . Due to the 
E arth 's  m agnetic  fie ld  on ly  p a rtic le s  w ith  m om enta  g rea te r  than  a certa in
value, the so-called  geom agnetic cutoff, can reach the Earth. The g reater the
so lar activ ity , the sm aller the cosm ic ray flux that can reach the Earth. This 
correla tion  o f  so la r activity  and cosm ic ray flux is know n as so la r m odulation. 
The fluxes at so la r m inim um  provide the closest approxim ation to  those in the 
local in te rs te lla r  m edium  ou tside  the helio sphere . F luxes in the in te rste lla r
m edium , de te rm ined  by dem odu la ting  the  loca lly  m easu red  sp ec tra , con ta in  
in form ation  about the role tha t cosm ic rays play in galac tic  dynam ics. The
re la tiv e  sp e c tra  o f  p ro to n s  and h e liu m  n u c le i, w ith  d iffe re n t r ig id itie s  
(m o m en ta  p e r  u n it c h a rg e )  at c o n s ta n t v e lo c ity , can  p lac e  s ig n if ic a n t 
constra in ts  on the m odula tion  process.
T heo ries  o f  cosm ic ray acce lera tion  in the  galaxy  have focused  on 
f irs t-o rd e r  Ferm i acce le ra tio n  in  s tro n g  shocks o ccu rrin g  in  the  sh e lls  o f
su p e rn o v a e  o r  in the  su rro u n d in g  in te rs te lla r  m ed ium  (B e ll 1978a, b;
B landford  and O striker 1978). In F erm i’s o rig inal p ic tu re  (Ferm i 1949), he 
im agined  charged  pa rtic les  be ing  reflec ted  from  m agnetic  m irro rs  associa ted
w ith  the  G alactic  m agnetic  field . T hese m irro rs are in m otion , and Ferm i 
asked w hat the energ ies o f  such partic les  w ould be i f  they rem ained fo r a
c e rta in  tim e  in  th is  reg io n . C o n sid e rin g  th e  h e a d -o n  and o v e rta k in g  
c o llis io n s  o f th e  p a rtic le s  w ith  m irro rs , the  net m ean energy  ga in  p e r 
co llision  is proportional to V ^, when the m irror is m oving at velocity  V. This 
o r ig in a l v e rs io n  o f  F e rm i's  th eo ry  is know n  as seco n d  o rd e r  F erm i 
accelera tion , o ften  called  stochastic  acceleration , and is a very  slow  process.
P artic les  can be accelera ted  m ore effec tively  if  there  w ere only head-
3
on collisions. In th is case, the energy increase is p roportional to V, i.e. first- 
o rd er in V and , ap p ro p ria te ly , th is  is ca lled  firs t-o rd e r  Ferm i acce lera tion  
(L ongair 1981). In the v ic in ity  o f  the shock , charged  p a rtic le s  can be 
trapped  n ear the  shock fron t by scattering  o ff  irreg u la ritie s  in the  m agnetic  
field, so that they m ove back and forth across the shock boundary. Due to the 
d iffe rence  in velocity  o f the scattering  cen te rs  on each side o f  the shock 
f ro n t, th e  p a r t ic le s  o b se rv e  c o n v e rg in g  s c a tte r in g  c e n te rs  u p o n  each  
passage through the shock and are accelerated by the first order process.
The resu lting  cosm ic ray spectra in m om entum  space have a pow er law 
o f the form F(p) °= p '7 , where y = - (2 + e), p is m om entum , and e (determ ined  
by the characteristics o f  the shock) is betw een 0.1 and 0.3. This spectral form 
is expected to apply to a w ide energy range from approxim ately a few  GeV to a 
few  TeV . A t low er energ ies the spectra w ill be m odified  by details o f  the 
in jec tion  p rocess, escape  from  the source, and ion ization  loss p rocesses. At 
h ig h e r  e n e rg ies  the  sca le  size  o f  the  acce le ra tio n  reg io n  w ill ev en tu a lly  
m odify  the spectra  (W ebber, G olden , and S tephens 1987). S pecific  m odels 
have been used  to exam ine the accelera tion  p rocess together w ith  subsequent 
ga lac tic  p ropaga tion  and to  p red ic t the spectra  o f  p a rtic le s  a rriv ing  at the 
solar system (B landford and O striker 1980; K ota and Owens 1980; Ip and Axford 
1985).
T he  re a liz a tio n  th a t the  in te rs te lla r  m edium  is a v e ry  tu rb u le n t 
en v iro n m en t d riv e n  to  a la rg e  d eg ree  by the  ac tio n  o f  s te l la r  w inds, 
supernovae , and th e ir  shock  w aves has led to  the  idea  o f  re -acce le ra tio n  
d u rin g  cosm ic  ray  p ro p ag a tio n . R e -a cce le ra tio n  in in te rs te lla r  space  has 
been  s tu d ie d  in  rec e n t y ea rs  to  ex am in e  its  e ffe c t on the  seco n d ary  
com ponents o f  cosm ic rays (S ilberberg  et al. 1983). The observed  spectral
4
shape o f  secondary  nu c le i, w hich  is s teep er than  tha t o f  p rim ary  nuc le i, 
suggests th a t galactic  cosm ic rays p robab ly  gain m ost o f  th e ir energy during
a s ing le  acce le ra tio n  and do n o t en co u n te r repeated  increm en ts o f  strong  
acceleration  during  th e ir  life tim e (B landford  and O striker 1980; C ow sik 1980; 
Fransson  and E pstein  1980; E ich ler 1980). N evertheless, it seem s likely  that
cosm ic  ray s  c o u ld  e n c o u n te r  a n u m b er o f  w eak  sh o ck s d u rin g  th e ir
p ropagation  through the in te rs te lla r  m edium , and one needs to  exam ine such
effects on all cosm ic ray com ponents (S tephens and G olden 1990).
In the 1930s a large  e lec trom agnet was in troduced  in to  the study o f 
co sm ic  ra d ia tio n , and the  cosm ic  ray  e n e rg y  w as m easu red  from  the 
curvatu re  o f  the  particle  tracks. In the m iddle 1960s d irec t m easurem ent o f 
prim ary cosm ic ray rig id ities was achieved by D eShong e t al. (1964) using a 
p e rm a n en t m ag n e t-sp a rk  c h a m b e r c o m b in a tio n . T h is  w as fo llo w e d  by 
s im ila r experim en ts  by B euerm ann et al. (1969), C ow sik e t al. (1969), and 
B o g o lo m o v  e t a l. (1 9 7 1 ). A bou t th a t tim e  it b ecam e  e v id e n t th a t 
superconducting  m agnet technology w as approach ing  a po in t w here it w ould 
also be suitable fo r balloon fligh t applications. The first successful fligh t o f  a 
superconducting  m agnet was conducted in June 1969 by G olden et al. (1969), 
who carried  out a second fligh t in A ugust o f  that year and tw o m ore flights in 
1970. B uffington et al. (1971) had two successful flights o f  a superconducting 
m a g n e t-sp a rk  ch am b er sy stem  in 1970 and 1971. C u rren tly , G o ld en 's  
su p e rco n d u c tin g  m agnet se rves as the  co re  o f  the  B a llo o n -B o rn e  M agnet 
F ac ility  (B B M F), w hich has been  es tab lish ed  at the  P a rtic le  A strophysics 
L a b o ra to ry  (P A L ), N ew  M exico  S ta te  U n iv e rs ity , L as C ruces u n d e r the 
auspices o f  the N ational A eronautics and Space A dm inistration  (N A SA ). The 
BBM F is described in considerable detail in Chapter II.
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To accom plish  a b road  range o f  p a rtic le  a s tro p h y sic s  o b jec tiv e s , a 
P artic le  A strophysics M agnet F ac ility , A strom ag, has been u nder study since 
the  announcem en t in 1984 o f  the USA in ten tio n  to  b u ild  a perm anen tly
m anned Space Station. T he A strom ag science goals include  investiga ting  the 
o rig in  and evo lu tion  o f  m atte r in the galaxy by d irec t sam pling  o f galactic  
m a te ria l; exam in ing  co sm o lo g ica l m odels by search in g  fo r  a n tim a tte r  and 
ev idence o f  the nature  o f dark m atter; and study ing  the o rig in  o f  extrem ely  
energe tic  p a rtic les  and th e ir  e ffec ts  on the  dynam ics and ev o lu tio n  o f  the 
g a laxy . A strom ag  is the  cu lm ina tion  o f  severa l d ecad es  o f  cosm ic  ray
resea rch  based  on balloon  m agnet spectrom etry .
T h is  d is s e r ta t io n  is based  on th e  a u th o r 's  p a r t ic ip a tio n  in  tw o 
e x p erim en ts  tha t u tilized  the B B M F, nam ely , the  Low  E nergy  A n tip ro ton  
(L E A P ) e x p e r im e n t f lo w n  in 1987 and  th e  M a tte r  and  A n tim a tte r  
S uperconducting  Spectrom eter (M A SS) experim ent flow n in 1989. The la tte r 
w as p rim a rily  an e n g in e e rin g  flig h t, w ith  the  su b seq u e n t sc ie n c e  f lig h t
scheduled for 1991. The data collected in the LEA P experim ent has been used 
to  investiga te  several questions in cosm ic ray physics. T he study  o f  low
energy  an tip ro tons was the focus o f  a separa te  d isse rta tio n  (S tochaj 1990),
w hile  a de ta iled  investiga tion  o f  the proton and helium  spectra  is the focus 
h e r e .
T his w ork specifica lly  addresses the geom agnetic  cu to ff, sp lash  albedo 
spectra , p ro ton  and helium  d iffe ren tia l energy  spectra , so la r m odu la tion  and
re-acce lera tion  effec ts reflec ted  in the m easured  spectra. S ince these  top ics 
are  qu ite  d iverse , the tex t is o rganized  so tha t each chap ter is m ore-o r-less  
s e lf  con ta ined  and begins w ith an in troduction  that p resen ts  the background
and review s the pertinen t literatu re  fo r the topic o f  that chapter. C hap ter II
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gives a b rie f  descrip tion  o f  the detec to rs that w ere used  in the LEA P and 
M A SS c o n fig u ra tio n s  o f  th e  B B M F, a lo n g  w ith  som e re le v a n t f lig h t 
in fo rm ation . C hap ter III sum m arizes the data  analysis p rocedure  to se lec t 
pro tons and helium  nuclei, and it extends the d iscussion  o f  the data  cuts and 
reso lu tio n  o f  the  sp ec tro m ete r; it a lso  inc ludes  a d iscu ss io n  o f  d e te c to r  
e ffic ien cy  and the d econvo lu tion  process. O bservation  o f  the  geom agnetic  
c u to ff  e ffec t a long  the balloon  tra jec to ry  and the  sp lash  albedo  spectra  are 
p resented  in C hap ter IV. The m easured fluxes o f  pro tons and helium  nuclei, 
spectral indices o f the pow er law spectra at high energ ies, and the associated  
m easurem ent errors, are d iscussed  in C hapter V. Solar m odulation  during the 
1987 so lar m inim um  is d iscussed  in C hapter VI. R e-accelera tion  effec ts  that 
m ight be reflec ted  in the pro ton /helium  ratio  are exam ined  in C hap ter VII. 
F ina lly , the A ppendix p rov ides technical de ta ils  on the  fligh t e lec tron ics and 
data  system .
II. INSTRUMENT
II.A . B alloon-B orne M agnet Facility  
The BB M F serves as a p ro to type  fo r A strom ag, in that it fac ilita tes  
e x p e r im e n ts  fo r carry ing  out A strom ag-like science. The BBM F, w hich can 
su p p o rt rep e a te d  balloon  fligh ts  at low  geom agnetic  cu to ff  (h igh geographic 
latitudes) to  obtain access to  high fluxes o f low energy particles, is based on a 
m agnetic  spec tro m e te r w ith  a superconducting  co il o f  e ssen tia lly  the sam e 
design (approxim ately  1/4 scale) as the A strom ag coil. D ifferen t experim ents 
a re  a c c o m m o d a te d  by re c o n f ig u r in g  th e  s o p h is t ic a te d  su p e rc o n d u c tin g  
m agnet spectrom eter and its gondola w ith specific  de tec to rs  p rov ided  by the 
u se rs  fo r th e ir  in v e s tig a tio n s . R e c o n fig u ra tio n  is fa c ili ta te d  by hav ing  
in terchangeab le  dom es (top shell sections) o f  d ifferen t sizes fo r the gondola.
F igure II. 1 show s the  in itial spectrom eter configuration  used in a 1986 
f l ig h t  fro m  A in s w o r th , N e b ra sk a  fo r  in v e s t ig a t in g  m e d iu m -e n e rg y  
antiprotons and positrons. The gondola is 5 m tall and 2.4 m in diam eter. The 
m agnet and track ing  d e tec to rs  can be re located  up to  75 cm above the
positions illu s tra ted  in the figure . The track ing  d e tec to r assem bly , together
w ith the en trance and ex it aperture sc in tilla to rs, constitu te  a 50 cm x 50 cm 
by 120 cm high co lum n, w ith 420  c m ^ s r  basic geom etry  fac to r. F o r a 
p a rticu la r  in v estiga tion  the  geom etry  fac to r w ill depend , o f  cou rse , on the 
positions o f  the ancillary  detectors. Som e deta ils  o f the on-board  electronics
and data handling system  are given in A ppendix A.
T h re e  m a jo r  c o m p o n e n ts  p ro v id e d  by th e  B B M F  are  th e
s u p e rc o n d u c tin g  m a g n e t, the  m u ltiw ire  p ro p o r t io n a l  c o u n te r  (M W PC ) 












( P1 - P7 )
H*— 1 meter — »>j
Figure II. 1 The BBM F spectrom eter configuration used in 1986.
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80 henry in d u c to r w ound w ith  copper-c lad , 54 filam en t N bTi w ire. The 
m agnet has 61 cm outside diam eter, 36 cm inside d iam eter, and 10 cm axial 
thickness. It produces a m agnetic field o f 40 kG at the center o f  the coil when 
operating at a current o f  120 A.
I I .A .l . M ultiw ire P roportional C ounters
The M W PC stack consists o f 8 identical 50 x 50 cm ^ cham bers w ith a 
total separation o f  110 cm. The M W PCs are staggered horizontally  so that the 
top cham bers are c lo se r to  the m agnet face. This increases the  e ffec tive  
m axim um  detec tab le  rig id ity  (M DR) o f the spectrom eter.
T he  M W PC  p o s itio n  m easu rem en ts  are  d ig itiz e d  u s in g  d is tr ib u te d  
inductance delay  lines coup led  to the cham ber w ires. The delay  lines are 
e le c tr ic a lly  very  s im ila r  to  the line  d esc rib ed  by G rove e t al. (1970). 
H ow ever, to  im prove the therm al and m echan ical s tab ility  o f  the  lines, the 
fab rica tio n  tech n iq u e  w as s ig n if ic a n tly  m o d ified , and the  m a te ria ls  w ere 
carefu lly  selected . T he cham bers w ere constructed  as reported  by Lacy and 
L indsey (1974), except that both the  anode and cathode w ire coord inates are 
now  encoded .
W hen operated  w ith m agic gas (m ostly argon m ixed w ith isobutane and 
freon), the cathode coordinate for the full 50 x 50 cm ^ area o f  the stack was 
de te rm ined  to  have  -1 2 0  p m  RM S (ro o t-m e a n -sq u a re )  sp a tia l re so lu tio n , 
w hich is lim ited  p rim arily  by noise from  the payload pow er system  and the 
accuracy o f  the tim e-d ig itiz ing  c ircu itry . The anode coord inate  reso lu tion  is 
lim ited to -6 5 0  pm  RMS by the anode wire spacing (2 mm). The cham bers are 
orien ted  w ith the anode w ires perpend icu lar to  the m agnet axis, so that m ost 
o f  the bend ing  in the  m agnetic  fie ld  occurs a long  the ca thode  coo rd ina te
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axis; the poorer anode coord inate resolution has little  effect on the MDR. The 
track  p o sitio n  m easu rem en t fo r each  coo rd ina te  axis is o b ta ined  from  the 
tim e o f  arrival o f  the signal at each end o f  the delay lines. M ultip le particle  
d e te c tio n  and genera l co n sis ten cy  check ing  are  ca rried  ou t by dem anding  
that the sum o f the tw o arrival tim es equals the tim e required for a signal to 
travel the length o f the delay line (Golden et al. 1978).
II.A .2. Gas Cherenkov C ounter
T he gas Cherenkov counter, G, located at the top o f the instrum ent has
an overa ll leng th  o f ~1 m , w ith an effec tive  path  length  o f  80 cm . Its
a p ertu re  is dev ided  in to  fo u r spherical m irro r sec tions, each  o f  w hich  is
view ed by a 12.5 cm diam eter RCA SA3006E high quantum  efficiency "teacup"
p h o to m u ltip lie r  th rough  a con ica l m irro r tha t acts as a h igh  tran sm ission
lens. T he tube  faces are coated  w ith a p -terpheny l w aveleng th  sh ifte r  to
o
increase the response below  ~3000 A .
T he h a lf-an g le  0 c  o f  the C herenkov cone apertu re  in term s o f  the 
v e lo c i ty  P and the index o f  refraction n is 0 c  = arccos (1 /pn). T herefore, the 
th resho ld  ve loc ity  is P th  = 1/n, and the threshold L orentz fac to r is 
7th = (1 - P th 2 ) " 172. For a gas Cherenkov counter yth -  8 "* /2 , w here 
8 = n-1 «  1 is a function o f  pressure. Filled with a 50-50 gas m ixture o f  Freon- 
12 and F reon-22 at one atm , the threshold  L orentz factor is Yth= 23.7. Since 
m uons above 2.4 GV and pions above 3.2 GV w ill rad iate in the G -counter, 
w hile  p ro tons and an tip ro tons betw een the geom agnetic  cu to ff  and 21.3 GV 
w ill no t, th is coun ter p rov ides d iscrim ination  against a tm ospheric  m esons.
T h e  G -c o u n te r  e f f ic ie n c y  fo r  d e te c tin g  s in g ly  c h a rg e d  u ltra -  
re la tiv is tic  p artic les  is abou t 99%  if  the even ts passing  through  the corners
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and peak o f  the m irro r are excluded; the com ers and peak have low er overall 
efficiency  than the rest o f the m irror. T he m ean  nu m b er o f  p h o to e lec tro n s  
collected for a P = 1 particle is estim ated to be N ~  K x 28 x p a th le n g th  x qe = 
10, w here K is a charac te ris tic  constan t, and qe is the quantum  effic iency . 
The p robab ility  o f a re la tiv istic  e lectron  g iv ing  no C herenkov signal is about
4.5 x 10-5 using the Poisson probability  for random  events, P x (0) = e"x’ w h e re  
x is the expected m ean. R aising  the gas p ressure  increases the num ber o f 
p h o to e lec tro n s  th a t can be co llec ted , and the  p ro b ab ility  o f  a re la tiv is tic  
e lectron  giving no signal can be low ered.
II.B . Low E nergy A ntiproton E xperim ent A pparatus
F igu re  I I .2 show s a schem atic  d iagram  o f  th e  B B M F sp ec tro m e te r 
m odified  fo r the Low  Energy A ntiproton E xperim ent (LEA P) that co llected  the 
data  described  herein. The payload was launched from  Prince A lbert, C anada 
in A ugust 1987. The geom etry  fac to r o f  the spectrom eter te lescope in th is
c o n fig u ra tio n  w as abou t 330 c m ^ -s r. The in stru m en t co n sis ted  o f  th ree  
p rin c ip a l com ponen ts: the basic  su p erco n d u c tin g  m ag n e tic  sp e c tro m e te r , a 
tim e-o f-flig h t system  (TO F), and a liqu id  C herenkov de tec to r. The m agnet
produced a m agnetic field o f 33 kG at the center o f the coil when operating at 
the running current o f 100 A; in the LEA P flight, the m agnet was operated  at 
red u ced  c u rre n t to  in c re ase  s ta b ili ty . T he sp e c tro m e te r  w as used  to 
de te rm in e  the  r ig id ity  (m om entum  per un it charge , R = p c /Z e) o f  each 
p a rtic le  based  on its cu rv ed  tra je c to ry  th ro u g h  th e  m ag n e tic  f ie ld , as
m easured by the MW PCs.
The TO F system  was used to m easure particle  velocity  and to facilita te  









Scale __ 1 meter i
Figure  II .2 Schem atic diagram  o f  the LEA P apparatus.
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addition to the TO F system , the two other scintillators, S I and S2, shown in Fig.
I I .2 w ere used to  determ ine inciden t charge and to  m ake a redundant TO F 
m e a su re m e n t s u ff ic ie n t  fo r  s e p a ra tin g  u p w ard  and d o w n w a rd  m o v in g  
particles. The FC-72 Cherenkov counter was used to identify  antiprotons up to 
1200 M eV, beyond which the TO F resolution was inadequate (M oats 1989).
I I .B .l . T im e-of-F light C ounter
The tim e-o f-fligh t (TO F) system  was developed  at the G oddard Space 
F light C enter (Lloyd-Evans et al. 1985). It consisted  o f  20 B icron 404, 1 cm 
th ick  p las tic  sc in tilla to r  padd les, each o f  w hich  was v iew ed end-on  by a 
H am am atsu  R 2490-1 p h o to m u ltip lie r  tube (PM T). T h is  tube w as se lec ted  
because  its fine-m esh  e lec tro n  tran sm issiv e  dynode perm its  it to  function  
unshielded in high m agnetic  fields (Takasaki, Ogawa, and Tobim atsu  1986).
T he co n s tra in ts  o f  d es ig n in g  the  TO F system  w ere: (1) adequate
reso lu tion  fo r p m easurem ents, (2 ) the largest possib le  geom etry  factor, and 
(3) the lightest possib le w eight. The resolution had to be less than 300 ps to 
d is t in g u is h  p from  the s in g ly -ch a rg ed  lo w e r-m ass  p a r t ic le s . A la rg e  
geom etry fac to r was needed to increase the to ta l num ber o f events recorded. 
The TO F w eight was lim ited  to less than a few  hundred pounds, in o rder to 
m eet the  to ta l p ay load  w eigh t re s tr ic tio n  se t by the  N ationa l S c ien tif ic  
Balloon Facility  (NSBF) for the balloon flight.
Each tim ing paddle was w rapped w ith m att-b lack  paper, alum inum  foil 
tape , and then  b lack  e lec trica l tape to stop any ligh t from  en te rin g  the 
sc in tilla to rs  and to p reven t op tica l c rossta lk  betw een padd les. T he padd les 
were grouped into four tim ing planes, T1 - T4. The T1 and T2 planes at the top 
o f  the d e tec to r constitu ted  the en trance de tec to r o f the te lescope , w hile  T3
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and T4 constitu ted  the exit detector. Each o f the top planes (T l,  T2) consisted 
o f six paddles, each o f w hich was, in turn, view ed by one PMT.
T he PM Ts w ere m ounted  d irec tly  onto  the edge o f  the sc in tilla to r  
w ithout any adiabatic ligh tp ipes. A silicon  rubber pad, D ow  com ing  DC 93- 
500, was inserted betw een the sc in tilla to r w indow  and the PM T face. C om ing 
optical grease was applied to the surfaces o f the sc in tilla to r, the silicon  pad, 
and the tube face for a good optical coupling.
The H am am atsu R2490-1 pho tom u ltip lie r is a 2 in d iam eter, 16 stage 
tube w ith a rise tim e of 2.7 ns and an RMS transit tim e jit te r  o f 0.4 ns. The
PM Ts for planes T3 and T4 were operated in the am bient m agnetic field
(1.4 kG) w ithout shield ing, and they were aligned w ith the field  to m inim ize 
gain-reduction effects. The PM Ts for T l and T2 were shielded but not aligned 
with the sm all, 80 gauss am bient field. The high voltage fo r each tube, which 
w as supp lied  by Spellm an  h igh  vo ltage  co n v erte rs , w as ad ju sted  on the 
ground via a panel o f variab le  resistors.
The low er p lanes (T3, T4) each consisted  o f four paddles, separated  by 
about 1 .8  m from  the top planes; th is d istance corresponds to ~ 6  ns at the 
speed o f  light. The paddle lengths ranged from  60 cm to 110 cm, and the 
paddle w idths ranged from 14 cm to 20 cm. Figure II.3 shows the top and side 
view s o f  the tim ing  paddles. D ual, independent m easurem ents in each TO F
plane (T l - T4) m inim ized the dispersion in both the energy loss and the TO F 
m easurem ents. The m anner in w hich the m axim um  geom etry  was obtained  
m ay be no ted  fo r the ( T l ,  T 2) paddle se ts , w hich fit tig h tly  w ith in  the 
cy lindrical pressure vessel. The signal from only one end o f  each paddle was 
read out, so a charged p a rtic le  passing  through the en trance  p lane had to
pass through two independent sc in tilla to rs , i.e ., the padd le  pa ir T l  and T2.
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Q. Schematic top view
b. Schematic side view 
T l  -E l:
;t 3 - T 2
Figure II.3 Top and side view s o f  the tim ing scin tilla to r paddles.
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The fligh t tim e betw een p lanes was determ ined w ith 250 ps reso lu tion . The 
tim ing  im provem ent achieved  by th is novel techn ique depends on the ex ten t 
to  w h ic h  c o n v e n tio n a l d o u b le -e n d e d  m e a su re m e n ts  a re  in f lu e n c e d  by 
c o rre la te d  u n c e r ta in t ie s , e .g .,  l ig h t-p a th -d e p e n d e n t e ffe c ts  and  e x tre m e  
Landau fluc tuations (S tochaj 1990).
The TO F resolution o f  around 250 ps fo r singly charged particles with 
P < 0.7 is quite  good fo r a balloon instrum ent detecting  cosm ic rays arriv ing 
from  random  d ire c tio n s , b u t c o n s id e ra b le  im p ro v e m e n t is re q u ire d  to 
achieve the ~50 ps, sta te-o f-the-art at accelerators. (See, fo r exam ple, Sugitate 
et al., 1986) A num ber o f  factors contribute to the final resolution o f  a TO F 
system , e .g ., tran sit tim e through the sc in tilla to r, sc in tilla to r rise  tim e, ligh t 
c o llec tion  tim e and e ffic iency , p h o to m u ltip lie r tran s it tim e j i t te r ,  e lec tron ics , 
and overall system  stab ility .
II.B .2. FC-72 Cherenkov Counter
T he LEA P C herenkov detec to r, w hich w as developed  at the U niversity  
o f  A rizona, is show n in F ig II .2 as the final coun ter (C) traversed  by each 
p a rtic le . A charged  p a rtic le  m oving  th rough  a m edium  w ith  a speed (v) 
g rea te r than  the p ropagation  speed o f  ligh t in  tha t m edium  em its Cherenkov 
rad ia tio n . T he ang le  o f  the  C herenkov w ave v e c to r w ith  resp ec t to  t h e  
d irection  o f particle  m otion is cos 0  = c/nv, where n is the refractive index o f 
the m edium  and c is the speed o f light in a vacuum . The num ber o f produced 
photons N per unit path length is proportional to (1 - where p = v/c.
T he m in im um  p that can result in photon em ission, P th . is equal to 1/n.
The refractive index o f  1.25 fo r the fluorocarbon liqu id  FC -72 resulted  
in the  th re sh o ld  v e lo c ity  P th  = 0 -8 , w hich co rresponds to  th e  fo llow ing
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threshold  m om enta: 1.2 GV for protons, 0.66 GV for kaons, 0.19 GV for pions 
and 0.14 GV for m uons. Below  1.2 GV (a proton 's threshold m om entum  in the 
coun ter), th is coun ter prov ided  no ou tpu t fo r p and - 1 0 0 % output for M~> 
and ic", i .e ., p ro to n s w ere  w ell separa ted  from  s in g ly -ch a rg ed  low  m ass 
particles. A bove 1.2 GV, less than 50% output for p w as requ ired  to  obtain  
good separation. The m axim um  output fo r a rela tiv istic  partic le  in the FC -72 
coun ter was -1 0 0  photoelectrons, and a 50%  output was separated by about 5 o  
from  the m axim um  output. W ater, w ith a refractive index o f  1.33, would have 
reduced the  upper m om entum  lim it, but the undesirab le  varia tion  o f  its index 
w ith  w aveleng th  w ould have been  m uch g reater. L iqu id  n itrogen , w ith  a
re f ra c tiv e  in dex  o f  1 .205 , w ou ld  h av e  e x te n d e d  th e  m om en tum  range
m arg inally , bu t at the expense  o f  in troducing  the m ajor d ifficu ltie s  involved 
in s to ring  and hand ling  a cryogenic liquid .
A dvantages o f  using FC -72 also include the rela tively  sm all changes in 
re frac tiv e  index due to  w aveleng th  and its tran sparency  in the u ltrav io le t. 
The FC-72 was contained in a 43.8 x 43.8 x 12.7 cm^ clear UVA plexig las box, 
coated  on the  in side  w ith  "blue" w aveleng th  sh if te r  (V iehm ann  and F rost 
1979). The p lex ig las box was surrounded by an alum inum  ou ter box, which 
p ro v id e d  lig h t- tig h tn e s s  and a lso  anch o red  the  16 H am am atsu  R 2490-01
p h o to m u ltip lie r  tubes th a t v iew ed  the  FC -72. T he in te r io r  o f  the o u te r 
a lum inum  box w as coated  w ith h ighly  re flec tiv e  BaSC>4 pain t. H am am atsu 
R 2490-01  P M T 's w ere used  b ecause  o f  th e ir  ab ility  to  o p e ra te  in h igh
m agnetic fields, provided that the PM T axis is aligned w ith the m agnetic  field 
d irection . S ignals from each o f  the 16 PM T's w ere individually  am plified  and 
then  fed in to  LeCroy 2249 charge in tegrating ADC's.
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II.C . M atte r-A n tim a tte r  S u p erconduc ting  S p ec tro m ete r
F ig u re  I I . 4 i l l u s t r a t e s  s c h e m a t ic a l ly  th e  M a t te r - A n t im a t te r  
S uperconducting  S pec trom eter (M A SS) co n fig u ra tio n  o f  the B B M F th a t was 
flow n from  Prince A lbert, C anada in 1989. In addition to the existing m agnet 
track in g  system , the  M ASS appara tus em ployed  a new  track in g  ca lo rim ete r 
deve loped  by the N ational In stitu te  fo r N uclear P hysics  (IN FN ) g roup  in 
F rascatti, Italy . The M ASS instrum ent u tilized  the TO F system  developed by 
the G SFC group fo r the ea rlie r LEA P instrum ent, as well as the BB M F gas 
C herenkov dom e assem bly used in the 1986 BBM F flig h t from  A insw orth , 
N ebraska. H ow ever, the tw o pairs o f paddles o f  the top TO F co u n te r were 
rem oved fo r the M ASS configuration , because the LEA P analysis show ed that 
the rate o f  particle  hits on them  was very low due to th e ir location ju s t above 
the  m agnet.
From  the geom agnetic  c u to ff  (nom inally  0 .66  G V  at P rince  A lbert, 
C anada) up to  about 360 M eV, the com bination o f  charge, TO F, and rig id ity  
w as su ff ic ie n t to  iden tify  an tip ro to n s, as w as the case  fo r LEA P. The 
add itional in fo rm ation  from  the gas C herenkov co u n te r ex tended  the  energy 
range to  g reater than 10 GeV. The calo rim eter provided a fu rther topological 
s ig n a tu re  fo r any an n ih ila tin g  an tip ro to n s. The M A SS co n fig u ra tio n  also 
a llow ed  m easu rem en t o f  the  positron  flux from  the  geom agnetic  c u to ff  to 
around  20 G eV . F o r the  p o s itro n  ex p erim en t, the  tra ck in g  c a lo rim e te r  
fu n c tio n ed  as a sh o w er c o u n te r  used  in c o m b in a tio n  w ith  a p o s itiv e  
C herenkov  sig n a l to  id en tify  p o s itro n s, w h ile  the  T O F  system  p rev en ted  
c o n ta m in a tio n  from  b ack g ro u n d  in v o lv in g  in te ra c tio n s  w ith  an u p w ard - 
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F igure  II.4  Schem atic diagram  o f  the  M ASS configuration .
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co llec t s ta tis tic s  fo r the an ti-helium  search begun in the ea rlie r  experim ents 
w ith the BBM F apparatus.
T he u n ique  e lem en t o f the M ASS ap p ara tu s , the  tra c k in g  show er 
ca lo rim ete r, is illu s tra ted  schem atically  in F igs. II.5 and II .6 . F igure  I I .5
show s an overall view  of the full tracking cham ber, while Fig. I I . 6  shows the 
basic  s tru c tu re  o f  the cham ber and the d e ta ils  o f  com ponen t connections. 
This gas calorim eter was contained in a 53 x 53 x 40 cm 3 box con tain ing  50 
planes o f  64 brass tubes. Each tube was 9 x 7  m m 2 cross section and 50 cm 
long with an internal size o f  6.5 x 5 m m 2 . Each tube was equipped with a 
gold-plated  tungsten w ire anode (50 pm  in diam eter) supplied at about 4200 V. 
The tubes can be operated  in the stream er m ode w ith isobutane o r CO 2 . One 
m odule was m ade o f  a brass frame consisting o f  8  tubes. Each plane consisted 
o f 8 m odules, for a total o f 64 tubes per plane. Brass was chosen instead o f the 
m ore com m only used  p lastic  m ateria l, because its sm alle r geom etrical cross- 
section ( 9 x 7  m m 2) y ielded a better spatial resolution than could  be attained 
with practical plastic fram es (Codino et al. 1989; Basini et al. 1988, 1989).
The tracking capability  was enhanced by em ploying 0.01 x 1 x 50 cm 3 
alum inum  pick-up  strip s, w hich were g lued onto an avetron ite  (G 1 0 ) support 
set at the opposite side to  that o f  the brass m odules. The strips were run 
o rthogonally  to  the w ires, in o rder to  form  a grid o f rec tangu lar coord inates 
c o n sis tin g  o f a to tal o f  6400 independen t read -ou t channels . E very  p lane 
(tubes + strips) was rotated by 9 0 0 w ith respect to the ad jacent p lanes, so that
n o t on ly  did each p lane  g ive  tw o x, y co o rd in a tes , bu t a ll a long  the
calo rim eter the two coord inates could be obtained also by using  only tubes or


























F igure  I I .5 Schem atic overall view  o f  the M ASS track ing  calorim eter.
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D eta ils  o f  th e  M ASS ca lo rim eter: (a) B asic s tru c tu re  o f  the 
D etails  o f  the com ponent connections.
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T he h igh  g ran u la rity  o f  th e  c a lo rim e te r, i.e ., the la rg e  num ber o f 
rea d o u t p o in ts  (6 4 0 0 ), gave  the  p o ss ib ili ty  o f  a c c u ra te ly  re c o n s tru c tin g  
tracks even if  one o r m ore tubes did not work. The d ig ital (yes/no) read-out 
required about 2 ms for the en tire  calorim eter. There was an additional fast
(80 ns) read-out o f m odule groups that could  be used as part o f  the trigger
system , if  needed. The pow er requirem ent fo r the e lectronic  system  was 
22 m W /channel, i.e ., about 140 W total. The full th ickness o f the calorim eter
was 121 g/cm ^ o f  brass and 15 g/cm ^ o f  fiberglass.
T h is  t r a c k in g  c a lo r im e te r /s h o w e r  c o u n te r  a ls o  d is p la y e d  th e  
ann ih ila tion  topology o f  an tipro ton  events. F igure  I I .7 show s an exam ple o f 
typ ica l ca lo rim ete r s igna ls  fo r an e lec tron , a m uon, and an an tip ro ton : the 
e lec tro n  in itia te s  an e lec tro m ag n e tic  show er upon e n te rin g  the  ca lo rim eter; 
th e  m uon  tra v e rs e s  the  c a lo r im e te r  w ith  no  in te ra c t io n s  o th e r  th an  
io n iz a tio n  energy  lo ss ; the  an tip ro to n  u n d e rg o es  an in te rac tio n  n e a r  the 
m idd le  o f  the c a lo rim e te r and a nuc leon ic  cascade  ensues . It has been
rep o rted  (S p il la n tin i , p r iv a te  c o m m u n ic a tio n )  th a t a s im ila r  c a lo r im e te r  
provided  a fac to r o f  about 1 0 0  in d istingu ish ing  betw een elec trons and pions
in an acce lera to r test; about a fac to r 10  from  sim ply coun ting  the cells  h it 
and another factor o f 10 from  the d iffering  event topologies. In addition, the 
num ber o f  h it-ce lls  y ielded  a good, sim ple energy estim ate  fo r e lec trons, i.e ., 
E  = kH, where E is in GeV, H is the num ber o f cells hit, and k is em pirically
determ ined. The energy reso lu tion  was about 0 .23 / ”\ / e  .
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F igure  II .7 Exam ple o f  typ ical ca lo rim eter signals fo r an e lec tron , a m uon,
and an an tip ro ton .
III. DATA ANALYSIS
T rig g e rin g  o f  the  L E A P instrum en t (F ig . II.2 )  occu rred  w henever a 
partic le  traversed  at least one paddle  in each o f  the fou r sc in tilla to r-padd le  
layers (T l - T 4), thereby  p roducing  a co incidence trig g e r and in itia ting  the 
even t read-out by the onboard  data  p rocessing  elec tron ics. A nonzero  signal 
in the sc in tilla to r S I was required  as part o f the softw are trigger to elim inate 
som e unw anted events and to  lim it the data rate. A pproxim ately 1 0 ^ triggers
w ere recorded  du ring  the  fligh t. The ana lysis  p rocedu re  w as designed  to
se lec t leg itim ate  p ro to n s and helium  nucle i and to  m easu re  th e ir  rig id ity
w ith the best possib le  accuracy. Helium  nuclei w ere selected  w ith the sam e 
crite ria  as pro tons, except fo r th e ir d ifferen t ion iza tion  rates.
III.A . D eterm ination o f  Partic le  R igidity  
To determ ine p a rtic le  rig id ity  it was necessary  to  reconstruct the  raw 
M W PC m easurem en ts as a set o f  po in ts in a th ree  d im ensional coord inate
system . See Fig. III. 1. The process began  w ith  transfo rm ation  o f  the raw
M W PC data  in to  m easured  track  coord inates; the  raw  data  consisted  o f  the
arrival tim es o f  the M W PC pulses at each end o f every delay line.
In s te a d  o f  a tte m p tin g  th e  a lm o s t im p o s s ib le  ta sk  o f  a c c u ra te  
m ech an ica l a lig n m en t o f  the  sp e c tro m e te r , th e  re la tiv e  lo ca tio n s  o f  the
c h a m b e rs  w e re  d e te rm in e d  fro m  p a r t ic le  t r a je c to r ie s  th ro u g h  th e  
spectrom eter a fte r its assem bly . T his was accom plished  by using  a m u lti­
p a ram ete r m in im iz in g  ro u tin e  to  de te rm ine  the  best f its  to  s tra ig h t line
tra jec to ries. The param eteriza tion  m ethod has been  explained  in deta il in an 















F igu re  III. 1 Schem atic view o f the BBM F m agnet and M W PCs.
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g iven  cham ber w ere su b jec ted  to  ro ta tio n s  about the  x, y, z axes and 
translations in the x, y, and z d irections, in o rder to spatially  reconstruct the 
tra c k  tra je c to ry  th ro u g h  the  sp e c tro m e te r . T he x, y p la n e  o f  the  
sp ec tro m e te r co o rd in a te  system  w as defined  re la tiv e  to the  second  low est 
cham ber, M l,  fo r which tracks w ere not transform ed. The z axis d irection  
and scale w ere fixed by a m echan ically -m easured  x, y, z tran sla tion  o f  the 
upper m ost cham ber, M5; the  accuracy o f  th is transla tion  needed to be only 
about 0.5 cm.
T he values o f  the six  alignm ent param eters fo r each o f  the cham bers 
M 2, M 3, M 4, M 6 , M 7, M 8 and the three param eters fo r cham ber M5 were
determ ined  by vary ing  them  to ob tain  the best f it fo r stra igh t tracks. The 
s tra ig h t- tra c k  c a lib ra tio n  p ro ce d u re  w as p e rfo rm ed  tw ice  fo r  th e  L E A P 
experim ent: ( 1) p rio r to  launch , using  ground m uons; (2 ) at the end o f  the 
f lig h t d a ta  c o lle c tio n , by in itia tin g  the  m agnet d isch arg e  v ia  a keyboard  
com m and before  fligh t term ination . Both sets o f  ca lib ra tion  data  w ere used 
fo r the  in flig h t f ie ld -free  ca lib ra tio n  to com pensate  fo r  any changes in the 
cham ber a lignm ent that m ay have occurred  du ring  the fligh t.
O nce th e  a lig n m en t c o n s ta n ts  w ere  know n, p a r tic le  r ig id ity  w as 
determ ined  from  a least squares fit to the m easured  po in ts , as reconstructed  
u s in g  the  s tra ig h t- tra c k  a lig n m e n t c o n s ta n ts  (A dam s 1972). F o r each  
tra jec to ry , a com puter program  in teg ra ted  the equa tions  o f  m otion  u sing  a 
ca lcu la ted  m agnetic  field  tab le  to  generate  the m agnetic  fie ld  at any poin t.
T he fit was tested  by com puting the dev iations betw een the m easured poin ts
and the com puted  tra jec to ry . T he m in im ized  % 2 w as o b ta in ed  from  an
iterative  procedure used to vary the rigidity , the d irection  cosine, and the x, y 
position  o f  the track in the bottom  cham ber. The resulting  was then used
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as a m easure o f the data quality  for a particu lar particle. Figure III.2 shows a 
scatter p lo t o f x 2 Pe r degree o f freedom  versus rig id ity . In the subsequent 
data analysis x 2 was required to be less than or equal to 1 0 .
III.B . Charge D eterm ination in the S cin tilla to rs 
A charged partic le  passing  through m atter loses energy as a resu lt o f
the exc ita tion  and ion iza tio n  o f  atom s. Sum m ing up the  co n trib u tio n s  o f
ind iv idual atom s, one can derive the so -ca lled  B ethe-B loch  fo rm ula fo r the
rate o f  energy loss:
jt; Z 2e2N dE  _________ e
*  4n <= 2 m V2 0 e
In
/  0 
2y in v * e 2V
I I 7 J
On.i)
w here Ze is the charge o f  the partic le , v is the partic le  ve locity , N e is the 
num ber density  o r concen tra tion  o f  e lec trons, m e is electron m ass, and T is  
ion iza tion  po ten tia l o f  the atom . In p rac tice , the ion ization  loss form ula is 
o ften  rep resen ted  as
- ^  =  z 2 f ( v ) .  ( f f l . 2)
Since the energy loss rate increases as Z 2 , it is a sensitive m easure o f  Z  at a 
g iven  k in e tic  energy .
In the LEA P configuration , the dE/dx inform ation  was obtained  from  5 
scin tilla to r planes, i.e., SI and the two top and two bottom  TO F planes. Pulse- 
heigh t in form ation  from T l ,  T2, S I , T3, and T 4 w ere co rrec ted  fo r position  
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Figure III.2 Scatter plot o f log %^ versus log R.
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pulse heigh t as a function  o f  position . The correc tion  fac to rs w ere derived 
ite ra tiv e ly , and bo th  p ro to n  and he lium  n u c le i w ere  used  fo r  p o s itio n  
m appings. Charge separation is shown in the p lot o f  corrected  Z 2 versus 
log R in Fig. III.3. The dE/dx is norm alized to be 1 for the relativ istic  Z = 1 
partic les. P artic les w ith Z = 2 have 4 tim es g rea ter signals than the Z = 1 
partic les, as expected from the Bethe-B loch form ula. The dE/dx increases fo r 
both Z = 1 and Z = 2 particles as particle  velocity  (or rig id ity) decreases, i.e., 
dE/dx «  1/p2 . The separation o f non-relativistic, low m ass Z = 1 particles (n , p., 
and e) from  pro tons is also v isib le  due to th e ir  sm aller dE/dx than  p ro tons, 
because they are  faste r than  p ro tons fo r the sam e m om entum . The charge
reso lu tio n  fo r re la tiv is tic  p ro tons and helium  w as, re sp ec tiv e ly , 0 .08e  and 
0.15e. The dashed curve in Fig. III.3 is the cut m ade to separate Z = 1 and Z = 2 
particles. The possible fraction o f Z = 1 particles that can be counted as Z  = 2 
due to the extrem e Landau fluctuation is less than 2% .
III.C . Particle  Velocity 
T im e -o f- f l ig h t  p ro v id e s  a fu n d a m e n ta l m e a su re m e n t o f  p a r t ic le  
ve locities  in particle  experim ents. R ecent years have seen attem pts to explo it 
the full pow er o f the TO F technique at accelerators, w here, for exam ple, sub­
nanosecond reso lu tion  is required  to achieve P /p  d isc rim ina tion  up to 
1 - 2  GV (D 'agostini et al. 1981). In cosm ic ray studies, un like accelera to r
beam s, the techn ica l d ifficu ltie s  are com pounded by the desire  fo r m axim al 
geom etry  facto rs and, hence, m inim al TO F coun ter separa tion . A schem atic
rep resen ta tio n  o f  the T O F system  fo r the LEA P and M ASS experim en ts  is 
shown in Fig. III.4. The signal arrival tim es at each PM T in each plane are, 
resp ec tiv e ly , t s i = x l/v s, tS2  = x2/vS( t s 3 = x3/vSt and tS4  = x4/vs> w here v s is
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Figure III.4 Schem atic o f the TO F counter.
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the ligh t propagation  speed in the scin tilla to r. H ere, it is assum ed that the 
ligh t p ropagation  speed is independent o f  position  w ith in  the coun ters. The
la s t s ig n a l to  the  c o in c id e n c e  u n it in itia te s  the  c o in c id e n c e , and the 
co inc idence  in itia tes  tim ing . F o r conven ience, tim e zero  w as taken as the 
tim e when the particle  hits the bottom  plane T 4 by delaying the T4 signal to
ensure it was the last signal. The TD C (tim e-to-digital converter) signals from 
each tube can be expressed by
t4 = C4
t3 = C3 + t$3 - ts4
t2 = C2 + ts 2 - 1§4 - 1
t l  = C l + tsi - ts4 - 1 (III.3)
w here the constan ts C l ,  C2, C3, and C4 represent the tim e delay due to the 
e lectronics and associated cables. The tim e o f flight is represented by 
t = L/v cos0 , where L is the vertical distance betw een the top and bottom  TO F
c o u n te r , 0 (ze n ith  an g le ) is the  ang le  b e tw een  th e  p a r tic le  tra jec to ry
(stra igh t line  connecting  the  en try  and ex it coord inates) and a vertica l line,
and v is the particle  velocity  during travel from  the top p lanes to the bottom
planes. Since the light propagation speed v s was assum ed constan t for all TO F 
planes, both the top and bottom  TO F have constant sum s ( tl  + t2 and t3 + t4) o f 
p ropaga tion  tim es. The v e loc ity  o f  the p a rtic le  was de te rm ined  from  the 
d ifference o f these sums (DS) as follows:
DS = (t3 + t4) - ( tl + t2)
= dC + (ts 3 + ts4) - Osl + ts2 ) + 2t, (IH.4)
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where dC = (C3 + C4) - (C l + C2). Since (ts 3 + tS4 ) and (ts l + tS2 > are constants,
DS = const + 2t. (III.5)
Substitu ting t = L/v cosO, velocity is obtained as
v = 2L /  (DS - const) cos0 (III.6 )
A softw are co rrec tion  fo r e lec tron ic  tim e-w alk  w as m ade because  the 
th resho ld  level in the d isc rim in a to rs  in troduces a tim e-w alk  e rro r, w hich is 
the d iffe rence  betw een the  actual beginn ing  o f the PM T pu lse  and the  tim e 
w hen the pulse reaches the d iscrim inato r th reshold . The tim e-w alk  e rro r (A) 
in each paddle is given by
A = - £ = ,  (m.7)
w here  T is a constan t that is  d iffe ren t fo r d ifferen t padd les, and A is the 
signal am plitude from  the  ADC (ana log -to -d ig ita l converter). The co rrec ted
tim ing  w as ob tained  by sub trac ting  A from  the raw  TD C value. O nce the 
p a rtic le  v e lo c ity  w as o b ta in ed  from  the  TO F system , the  m ass cou ld  be
calculated  from the rigidity  R and velocity v as follow s:
m2 = Z 2R 2(p_ 2 - l )  , (m .8)
w here Z is the atom ic num ber o f the particle , and
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Figure III .5 shows a scatter p lo t o f TO F-derived velocity  versus rig id ity  
along with the expected curves for d ifferen t m ass particles. The TO F system  
and rig id ity  in fo rm ation  from  the  M W PCs p erm itted  sep ara tio n  o f  p ro tons 
from  the low m ass particles in the low rigidity region up to ~1 GV. A t higher 
r ig id itie s , the p ro ton  data sam ple included  n eg lig ib le  co n trib u tio n s  from  the 
low  m ass partic les. The fraction  o f  low m ass pa rtic les  in the p ro ton  data 
sam ple  at h ig h  r ig id itie s  is e s tim a ted  to  be less  th an  5 %  from  the  
ex trapo la tion  o f  the frac tion  in low  rig id ities  w here the  m ass in fo rm ation  is 
reliable. No attem pt was m ade to separate He isotopes in the analysis.
The track  reg istra tion  efficiency  fo r a g iven M W PC can be defined  as 
the re la tive  num ber o f  h its  in tha t cham ber to  the to ta l nu m b er o f  good 
events. In p ractice , how ever, the efficiency  ej o f  cham ber i w as determ ined  
from  the ratio  n  o f  the num ber o f  events that m issed  that cham ber to  the 
num ber o f events that h it all the cham ber planes.
C onsider the i-th cham ber, whose efficiency  is ej. The probability  
P m iss  i o f  m issing the i-th cham ber and h itting  all the rest can be expressed 
as:
III.D . T rack  R egistra tion  E ffic iency
8
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Figure III.5 Scatter p lo t o f  TO F-derived velocity  versus rig id ity , along with
the expected  curves for, from  the top, p ions, pro tons, and helium .
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The p robab ility  P a ll to hit all the cham bers is given by:
8
p ,» = n v  <nui)
k=l
The ratio  rj o f  the num ber o f  events Nm iss i that m issed i-th cham ber to  the 
num ber o f  events N a ll that hit all the cham ber planes is given by
N . . miss i
ri ~ N all
N- P . . miss l
N- P all
T herefo re , the  efficiency  ej can be obtained from rj, i.e.:
e . = — . (111.13)
i r . + 1i
This relationship  was used in conjunction  with a data  sam ple o f 25,000 
p ro to n  ev en ts  to d e te rm in e  the in d iv id u a l cham ber e ffic ie n c ie s . In  th is  
sam ple, the num ber o f  protons that h it all 8 cham bers was N s = 16,681, and 
the num ber o f  events that m issed one cham ber (i.e., h it 7 o f the 8 cham bers) 
was N 7  = 6,627. The individual cham ber efficiencies are given in Table III. 1, 
w here Nj represen ts the num ber o f  h its  in each plane when 7 p lanes fired , 
and N m jss i was o b ta in ed  by su b trac tin g  Nj from  N 7 . Each cham ber
Table III. 1 Efficiencies of the MWPC for detecting protons.
C ham ber ID Nj N m iss i Ei
(from  bo ttom
to top)___________________________________________ ______
6 x 5153 1474 0.9188
lx 6312 315 0 .9815
2 x 4642 1985 0 .8937
7x 5662 965 0.9453
3x 6420 207 0.9877
4x 6242 385 0 .9774
8 x 5934 693 0.9601
5x 6024 603 0.9651
A v e ra g e 0.9537
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effic iency  ej was calculated from  Eq. I I I .13 using rj = Nm iss i /N 8 - The overall
ch am b er e ff ic ie n cy  fo r a ll 8 cham bers  to  be "good" w as o b ta in ed  by
m ultip ly in g  the e igh t ind iv idual cham ber e ffic ien c ies , i.e .,
8
p 8 = n < e j  = 0.68. (III. 14)
i=l
C onsequently , the expected num ber o f  events that h it all 8 cham bers in a data 
sam ple o f  25,000 events is
8
N j^ je k = 25,000 x 0.68 = 17,000 (ffl.15)
k=l
This expected value agrees w ith the observed N s = 16,681 within 2%.
In o rder to  de term ine  w hether the cham ber e ffic ien c ies  exh ib ited  any
ch arg e  o r energy  dependence , severa l subsets  o f  the  d a ta  w ere analyzed  
independently . Table III.2  show s the cham ber efficiencies fo r Z  = 2 particles 
(H e), based on a data sam ple o f 1,903 events. Table III .3, based on proton 
ev en ts , g ives the cham ber e ffic ien c ie s  fo r d iffe ren t r ig id ity  ranges. It is 
apparent from  com parison o f  the data in T ables III. 1, III .2, and I II .3 that the 
c h a m b e rs  e f f ic ie n c ie s  e x h ib i te d  no  a p p re c ia b le  c h a rg e  o r  e n e rg y  
dependence. The average cham ber efficiency  was about 95% .
III.E. Data Cuts and Overall Effective Efficiency 
A sum m ary o f  the data cuts m ade to select proton and helium  nuclei for 
an a ly s is  is show n in T ab le  I II .4 , a long  w ith  the  p e rcen tag e  o f  pa rtic les  
p a ss in g  the v a rious  se lec tio n  c rite r ia . To ob ta in  an a c cep tab le  r ig id ity
Table III.2 Efficiencies of the MWPC for detecting helium nuclei.
C ham ber ID Nj N m iss i £i
(from  bottom
to top)__________________________________________________
6 x 418 1 0 1 0.9246
lx 494 25 0 .9802
2 x 368 151 0.8913
7x 414 105 0 .9218
3x 505 14 0 .9888
4x 489 30 0.9763
8 x 446 73 0.9443
5x 499 2 0 0.9841
A v e ra g e 0.9514
Table III.3 Efficiencies o f the MWPC for different rigidity ranges.
C ham ber ID 
(from  bottom  
to too)
R <  1 GV 2 < R  < 5 GV R >  10 GV
6 x 0.9396 0.9336 0.9325
lx 0.9781 0.9782 0.9784
2 x 0.9159 0.9060 0.9112
7x 0.9218 0.9499 0.9430
3x 0.9811 0.9817 0.9801
4x 0.9633 0.9703 0 .9744
8 x 0.9544 0.9644 0 .9642
5x 0.9633 0.9519 0.9523
A v e ra g e  0.9522 0.9545 0.9545
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Table  III .4  D ata  cuts  and the percentage  o f  part ic les  passing  the various 
se le c t io n  c r i te r ia .
S e lec tion  C r i t e r i a ________________ P r o t o n s _________H e l iu m
A. T ra jec to ry  R econs truc tib le 89.7 ± 1 .1% 99.6 + 0.3%
B. At Least 6  Good x-Chambers 62.4 ± 2.9% 59.8 ± 5.0%
C. Pass TOF Check 6 8 .8 ± 7.8% 70.5 ± 9.9%
D. At Least 3 Good y-Chambers 97.1 ± 1 .2 % 97.9 ± 0 .6 %
E. Pass (x) Cut 91.8 ± 1.4% 82.2 ± 3.0%
F. Pass (y) Cut 97.2 ± 0 .1% 97.6 + 0 .2 %
O v e ra l l 33.4 ± 4.1% 33.0 ± 3.9%
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measurem ent, a track had to  be reconstructible. Table III.5 shows the various 
failure m odes along with the num ber code used to identify each mode. Events 
with "flag" = 0  were selected as reconstructible tracks.
T he  qua li ty  o f  m ea su rem e n t  in each  m u lt iw ire  c h a m b e r  can  be 
categorized by the following three cases:
1. Information from both ends o f  the delay line was good, and the 
corresponding position resolution was 2 0 0  p m ;
2. Information from only one end o f  the delay line was good, and the
position resolution was on the order o f  1 cm;
3. The chamber information was unusable, and it was not used to fit
the  t ra jec to ry .
At least 6  good chambers for the x direction and 3 for the y direction were
required for the events to be used in further analysis. However, because  o f
the specific  configuration  o f  the cham bers (Fig. III. 1), i f  certa in  pairs  o f  
cham bers indicated in Table III .6 , were unusable  o r  had poo r  resolution, the 
rig id ity  m easurem ent was no t reliable.
The requirem ent that only one pair  o f  s tacked paddles be hit at the
entrance plane removed multi-particle  events. The tim ing  signal from the T4 
p lane  was required  to be w ith in  an acceptab le  range because  it represents  
only the cable delay and, therefore, has a 5 -function h istogram . The position
along a paddle  determ ined by the tim ing  inform ation  was required  to agree
within 5 cm with the position determined by the MWPCs.
The effec tive  efficiency was determ ined from the fraction o f  particles
that passed the selection criteria. Using samples o f  Z  = 1 and Z = 2 particles,
the fraction that passed each chosen criterion is shown in Table III.4, where
the overall effective efficiency is the product o f  the fractions that passed the
Table III.5 Track reconstruction conditions
F la g  R e a s o n
5 too many iterations to converge ( >9 )
4 general failure to fo llow  track
3 track too irregular in y ( > about 20 cm sagitta)
2  track too irregular in x ( > about 2 0  cm sagitta)
0 fit OK
- 2  l inearity  table  failed
-5  less than 4x or 2y good sums
- 6  less than 4x or 2y good sums
- 1 0  p rob lem s in f it t ing  subrou tine
- 2 1  not enough points to proceed with fit
- 2 2  not enough points for x to guess
-23  not enough points for y to guess
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Table  I I I . 6  Possib le  cases where the rigidity m easurem ent was unreliable  if  
the cham ber pairs (indicated by X) were unusable o r  had low resolution.
Bad Pair Chamber
Case_________ 5x 8 x 4x  3x 7x 2x l x  6 x
1 X X










1 2  X X
13 X X
1 4  X X
15 X X
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consecutively  applied (from the top) cuts. The tr igger  was assum ed to be 
100% effic ien t because the threshold  level o f  50 m V on the d iscrim inators  
was low enough for the typical signal from a m inimum  ionizing particle, i.e., 
~400 mV.
The overall e ffective efficiency  was about 33% fo r  both pro ton  and 
helium. The difference between the two samples in passing criterion A can 
be attributed to more Z = 1 background particles. The h igh -%2  particles that 
passed all o ther  selection cri ter ia  were s tudied in g rea te r  de ta il,  w ith  the 
objec tive  o f  finding the cause o f  the d ifference  in the fraction that passed 
the x 2 cut. It was found that the high %2  resulted from large deviations o f  the 
measured position in the MWPCs from the fitted trajectory position in a single 
plane o f  the tracking chamber, i.e., not in all the planes. Consequently , the 
high x 2 w ere  d rastica lly  reduced by exc lud ing  the p lane  with the largest 
d e v ia t i o n .
The fraction o f  h igh -%2  particles ( x 2 > 10) for each charge is plotted in 
Fig. III .6 . Events with h igher  charge and lower velocity  were observed  to 
have a la rger  fraction with high x 2> probably due to 8 - rays  and  cou lom b  
scattering. W hile most o f  the electrons ejected from atoms by the passage o f  a 
fast particle  are o f  low energy, occasional collisions result in the production 
o f  8 - rays ,  e le c t ro n s  p ro je c te d  w ith  c o n s id e ra b le  en e rg y , w h ich  p ro d u ce  
seconda ry  io n iz a t io n .  T he  n u m b er  o f  8 -rays pe r  un it  pa th  leng th  is 
p roportiona l  to the square  o f  the charge  o f  the  incident part ic le  and the 
inverse square o f  the incident velocity. The very broad x 2 distribution at low 
energies is probably due to large coulomb scattering and delta  rays. In the 
extreme, delta rays can cause the sum o f  the two arrival times at each end of 










Figure III .6  Fraction o f  high particles for protons ( □  ) and helium ( ♦  ).
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m ultitrack event. In the in termediate case, the sum o f  the two arrival times 
may not be bad enough for the event to be rejected, but could be bad enough 
to cause a high %2 and to affect the measured position.
III.F. Spectrom eter  Resolution
The term "magnetic  deflection" defined as 1/R (the inverse o f  particle  
r ig id ity )  is p roportiona l  to spatia l  cu rva tu re , and the e rro r  d is tr ibu tion  o f  
m agne tic  de f le c t io n  is c lo se ly  re la ted  to the  pos it ion  m easu rem en t  e rro r  
d is tr ibu t ion . U nlike  the r ig id ity  erro r ,  how ever, the m agne tic  de flec t ion  
e rro r  is independen t  o f  the  va lue  o f  the  m agnetic  deflec tion . M agnetic  
d e f le c t io n  is a c onven ien t  quan ti ty  fo r  d isp la y in g  m agne tic  sp ec tro m e te r  
r e su l ts ,  s in ce  the  e ffec ts  o f  m e a su rem e n t  e rro r ,  w hich  are c ru c ia l  in 
interpretation o f  the data, can be easily evaluated. In the case o f  a uniform-
fie ld  sp e c tro m e te r ,  w here  the  e ffec ts  o f  the  m agne tic  f ie ld  are nea rly  
iden tica l  fo r  all t ra jec to rie s ,  the  m agne tic  d e flec t ion  e r ro r  d is t r ib u t io n  is 
very  nearly  G auss ian , and it is re la ted  to the  posit ion  m easu rem en t erro r  
distribution by a simple proportionality  factor. In such cases, it is customary 
to de f ine  the  m in im um  de tec tab le  de flec t ion  (M D D ) as the  one s tandard  
deviation value for s traight tracks. The m axim um  de tec tab le  rigidity  (MDR) 
is then determ ined from M DR=1/M DD, which is the quantity typically used to 
specify the resolution o f  the spectrometer. Fo r  particles o f  unit charge, the 
r ig id i ty  and m o m e n tu m  are  n u m e r ic a l ly  e q u a l ,  and  the  s p e c t ro m e te r  
resolution becom es the m axim um  detectable  m om entum  (MDM ).
F igure  I I I .7 shows the deflec tion  d is tr ibu tion  ob ta ined  by opera t ing  
the L E A P  instrum ent with the m agnet o f f  at the end o f  the flight. This 



















Figure  I I I .7 T he  s p e c t ro m e te r  r e so lu t io n  fu n c t io n :  d e f le c t io n  d is t r ib u t io n
for events with the magnet off  at the end o f  the flight.
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its cen te r  was taken to be the zero curvature  point. The contr ibu tion  of 
m ultip le  C oulom b sca t te r ing  to this e rro r  d is tr ibu t ion  was m in im ized  by 
using the T O F and FC-72 Cherenkov counter  signals to rem ove low energy 
particles. The standard deviation ( a )  o f  the Gaussian fit to the central part o f 
this error distribution is 0.018, which indicates an approxim ate MDR (1 /a )  of 
~56 GV for the raw rigidity measurement.
The d is tr ibu tion  o f  deflec tion  uncerta in ty , as de te rm ined  during  the 
track  fit ting  procedure , is p resen ted  in Fig. I I I .8 . Th is  d istr ibu tion  was 
derived from the sensitivity  o f  the m inim ized y p  10 the deflection. Factors 
that en te r  into this sensit iv ity  include  the n u m b er  and accu racy  o f  the 
cham ber  m easurem ents , the m agnetic  field in tegral fo r  the  tra jec to ry , and 
the overall consis tency  o f  the fit. Events  with large  uncerta in t ie s  were 
found to result from trajectories that traversed the low er field regions o f  the 
spectrometer, or  had a small num ber o f  usable MW PC measurements. Note the 
peak o f  the com puted deflection  uncertain ty  d istr ibu tion  is at 0 .013 G V '1. 
This indicates that the most probable MDR corresponds to 77 GV.
I f  one  chooses  events  with a part icu la r  deflec tion  uncerta in ty , their  
de flec t ion  should  be a G auss ian  with w idth  a  g iven  by the deflec tion  
u n c e r ta in ty .  T he  p a r t ic le  d e f le c t io n  re s o lu t io n  can  be e s t im a ted  by 
perform ing  a convolution o f  G aussians whose width d istr ibu tion  is given in 
Fig. III .8 . The estimated resolution is compared with the straight track data in 
F igure  III .9, w here  the e rro r  bars  show  only the s ta t is t ica l  m easu rem en t  
e rror. The es tim ated  reso lu tion  is som ew hat b e t te r  than the  reso lu tion  
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F igure  I I I .9 Comparison of estimated resolution ( ------) with the straight track
data ( •  ).
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III.G. Deconvolution of The Measured Spectra
T h e  f in i te  s p e c t ro m e te r  r e s o lu t io n  c a u se d  s p i l l -o v e r  a m o n g  the  
rigidity bins, which in turn distorted the measured spectra, especially  in the 
h igh energy  region. S ince the m easured  spectra  are convo lu tions  o f  the 
input spectra  and the inheren t reso lu tion  function , the true input spectra  
could be obtained by deconvolu tion , assum ing the absence o f  any additional 
noise. Since deconvolution is the process o f  undoing the smearing that has 
occured in a data set under  the influence o f  a known response function, e.g. 
the known effec t o f  a less- than-perfec t  m easuring  apparatus, the process  is 
sensitive  to noise  in the input da ta  and to the accuracy w ith  which the 
response  function is know n.
I f  the  input pa rt ic les  have the sam e deflec tion  po, th e  obse rved  
d e f le c t io n  w o u ld  be d i s t r ib u te d  w ith  the  w id th  d e te rm in e d  by the 
m easurem ent accuracy. For the input spectrum Nj = NoS(p - po), the m easured 
d is tr ibu tion  will be Nm = R(p - po) Nj, where R(p - po) is the  resolution 
function o f  the instrument, which is typically  a peaked function that falls to 
zero in both directions from its m aximum. For a continuous input spectrum 
F ( p )  the measured spectrum will be
(m.16)
w hereas for histogram ed experim ental data it becomes





The LEA P resolution matrix  Rjj was comprised o f  a set o f  row vectors 
rep resen ting  the reso lu tion  function  cente red  at each deflec tion  bin. The
e lem ents  in R |j  are zero near  the ends, and they peak at the diagonal. In
princip le , the true  input spectrum  F(r) can be obtained by m ultip ly ing  Eq.
III. 17 by the inverse matrix o f  Ry.
Before attempting to deconvolve the LEA P data  the convolution effects 
w ere  investiga ted  by assum ing ideal pow er  law input spectra  and a single
G auss ian  reso lu tion  function . F o r  exam ple , Fig. III. 10 show s the input
s p e c t ru m , F (p ) ,  o f  the form pO-7 (solid  line) and the convolved  spectrum  
(dashed line), f (p ) ,  obtained by convolving F (p )  with a Gaussian  resolution 
function having standard deviation a  = 0.02, which indicates that the MDR 
(= 1/ct) is 50 GV. The convolved spectrum shows substantial fla ttening near
the expected MDR.
Next, an attempt was m ade to reproduce F (p )  by deconvolv ing  f (p ) .  
D irec t inversion o f  the resolution matrix  was im possible  because the matrix  
R ij was singular, but the inverse m atrix  o f  R y  ob ta ined  with the s ingular
v a lu e  d e c o m p o s i t io n  m eth o d  m ade  it p o s s ib le  to  d e c o n v o lv e  f (p )  and
rep ro d u c e  F (p ) .  However, when f(p )  was replaced with actual da ta  having 
n a tu ra l  f luc tua t ions ,  the deconvo lved  spectrum  was obse rved  to o sc il la te . 
L ikewise, adding statistical fluctuations to the convolved spectrum f(p )  caused
the resulting deconvolved spectrum to oscillate and not reproduce F (p ) .
The fo llow ing  steps were taken to construct the deconvolu tion  matrix 
that resulted in a stable deconvolved spectrum. The basic idea is that each Fj 
should be the sum o f  its contribution to all the fj's, and the total num ber o f  





F igure  III. 10 An example of convolution: ------  input spectrum of the form -7;
 , convolved spectrum with a Gaussian resolution function having standard
deviation a  = 0 .0 2 .
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5 > j  = £ f r  (ni-18)
j i
Equation III. 17 can be rewritten as
V r .f .
ij j
—  = i. (m.i9)
i
Therefore, Eq. III. 18 becomes
Y r  . F .jL d  j  j  j
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The deconvolution matrix is not unique, so the best one was chosen by 
convo lv ing  the deconvo lved  spectrum  again , i.e. the  deconvo lved  spectrum  
whose reconvolved spectrum gave the best fit to the  m easured spectrum was 
taken to be the final result.
F igure  III. 11a and b show the deflection d istr ibutions for protons and 
h e lium , resp e c t iv e ly ,  b e fo re  and a f te r  the  d ec o n v o lu t io n  p rocess .  T he  
f la t ten ing  o f  the observed spectra  and the sp il l-over  to nega tive  curvature  
for high rig id it ies  are convolu tion  effects . A fter  deconvo lu tion  the sp il l ­
ov e r  to the  nega tive  cu rva tu re  was rem oved, and the r ig id ity  range was 
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Figure III. 11 Deflection distribution o f  (a) protons and (b) helium 















Figure III. 12 Comparison o f  m easured spectra ( i‘ i ) w ith  the reconvo lved  
spectra ( i ) and deconvolved spectra ( HI ) for pro tons (upper curves) and 
helium  ( low er  curves).
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(dashed curves) show how well the m easured  spectra  (dotted  curves) were 
reproduced . The deconvo lved  spectra  (so lid  curves)  are  a lso  show n for 
com parison. The errors involved in the deconvolution process are discussed 
in Sec. V.B.
IV. GEOMAGNETIC CUTOFF AND SPLASH ALBEDO
IV.A. The Geomagnetic Effect on Cosmic Rays
W hen the com plete  tra jec tories  o f  cosm ic rays are considered , it is 
found that  some tra jec to ries  are forbidden because  they are bound  in the 
geom agne tic  f ie ld  in such a way that they  are inaccess ib le  to part ic les  
starting  at infinite  d istances from the earth. In o ther  instances, tra jectories  
are fo rb idden  because ,  a lthough  the t ra jec to r ie s  m ay be traced  back  to 
infin ity , they would have to pass through the volum e o f  the so lid  earth  
before  reaching  the point o f  observation.
The theory  o f  charged  pa rt ic le  m otion  in a d ip o la r  f ie ld ,  w hich  
p rov ides  a rough  quan ti ta t ive  descr ip tion  o f  the  c u to f f  effec t,  was firs t  
developed  by Stprm er in 1934. For a given direction, cosm ic rays with a 
m agnetic  rigidity below a certain  value, P s , will be deflected enough to miss 
the  earth  en tirely . This  sm alles t m om entum  for w hich  all d irec tions  are 
allowed is called the geomagnetic cutoff, and it is given by
w h e r e  <P is the arrival direction and X is the  geom agnetic  la titude . The
cu to ff  decreases rapidly with latitude A. a s  A, —> 9 0 ° .  At every  la t itude  the 
cu to ff  has a maximum  for particles arriving from the east, where <P = n. The 
cu to ff  for vertical arrival is
P 59.6 cos4 X (IV. 1)S
P s = 15 cos^ X. ( I V .2)
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The cone o f  constant 9  corresponding to a particular Ps and A. is called 
the St0 rmer cone. For every A. there  are d irec tions  asym ptotic  to periodic  
o rb its  w ithou t be ing  re -en tran t ,  and the reg ion  bounded  by this set o f
d irections is called the m ain cone. Quenby (1967) has pointed out that the 
geom agnetic  cu to ff  has three  regions: total cu to ff  for P < P s ; p e n u m b ra l  
region where there is a partial cu toff  for P s < P  < Pm ; and the region where 
there is no cu toff  for P  > P m . The term "penum bral width" (Vallarta  1949;
Schwartz 1959) refers to the  difference between the m ain cone cutoff and the
Stprm er cutoff , while "effec tive  cutoff" is e i the r  the linear average o f  the
a llow ed  r ig id ity  in te rvals  in the  penum bra  (Shea, Sm art, and M cC racken  
1965) or a function  w eighted  for the cosm ic ray spectrum  and /or  de tec to r  
response (Shea and Smart 1970; Dorman et al. 1972).
The geom agnetic  c u to f f  theory has been im proved  by m any w orkers 
(Lem aitre  and Vallarta  1936, Quenby and W ebber 1959, Q uenby and W enk 
1962). The la tes t  and m ost ex tens ive  w ork  us ing  the t ra jec to ry - trac ing  
techn ique  has been perfo rm ed  by Shea, Sm art, and co -w orkers  (Shea and 
Smart 1967, 1970, 1975, 1983, 1990; Shea et al. 1965; Shea, Smart, and McCall 
1968; Smart, Shea, and Gall 1969), who have published worldwide tables o f  
the ir  com puter-calcu la ted  cutoffs. Our direct m easurem ent o f  the cutoffs  at 
balloon altitude is compared to their calculations in Sec. IV.C.
IV.B. Low Energy Proton Spectra Along the Balloon Trajectory 
The trajectory o f  the LEAP balloon flight is shown in Fig. IV. 1, which 
also shows dashed-lines o f  constant nominal cu to ff  rigidity in GV (Shea and 
Sm art 1983). The solid lines along the balloon  tra jec to ry  identify  three
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Figure IV. 1 Trajectory o f  the LEAP balloon flight.
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intervals ("start", "middle", and "end" o f  the flight) used for the low energy
sp ec tra l  ana ly s is .
The balloon was launched from Prince Albert, Saskatchewan, Canada at
8 PM local time on August 21, 1987. It reached a float altitude o f  about 
119,000 ft (4.7 g/cm ^ a tm o sp h e r ic  o v e rb u rd e n )  a p p ro x im a te ly  th ree  hours  
later  near  254.0 ° W longitude and 53.0 ° N latitude, where, accord ing  to the 
tables of Shea and Smart (1983), the nominal geomagnetic cu toff  rigidity Rc = 
0.65 GV. After more than 20 hr floating generally southward and westward, 
the flight was term inated  in the v icin ity  o f  M edicine Hat, A lberta , Canada 
near  249.4 ° W  longitude and 50.5 ° N latitude, where the nominal Rc = 1.11 GV.
The p ro ton  spectra  from the sta r t  (open  c irc les )  and end (solid
diam onds) o f  the flight are compared in Fig. IV .2. The Barkas and Berger
(1964) range-energy  tab les  were used to ex trapo la te  the d ifferen tia l energy
spectra to the top o f  the atmosphere. The effect o f  the instrum ental range
cu toff  can be seen near 0.45 GV. The spectrum observed near the end o f  the
flight shows the effect o f  the combined prim ary proton spectrum  under the
loca l  g e o m a g n e tic  c u to f f  R c = 1.11 GV and the a tm ospheric  secondary
sp ec tru m  th a t  is d e c re a s in g  w ith  in c re as in g  r ig id i ty .  T he  d if fe re n c e
between the spectra observed near the start and the end o f  the flight reflects
the va ry ing  geom agnetic  cutoff.
T h e  p r im a ry  p ro to n  sp ec tru m  was o b ta in e d  by s u b t r a c t in g  the 
secondary  pro ton  spectrum  at 5 g /cm ^ calculated by Rygg and Earl (1971)
from the measured spectrum at the top o f  the LEA P instrument. Figure  IV.3 
i l lu s tra tes  the three relevant spectra  near  the  end o f  the  f light, i .e ., the 
p red ic ted  a tm ospheric  secondary  spectrum , the m easured  spectrum , and the 












Figure IV .2 Proton spectra at the top o f  the atmosphere for the "start" ( O )






0.1 1.0 10 
R (GV)
Figure IV.3 Three proton spectral components: observed spectrum  at the end 
o f  the  flight ( □  ); ca lcu la ted  spectrum  o f  a tm ospheric  secondar ies  ( + ); 
prim ary spectrum  = observed spectrum  m inus spectrum  o f  secondaries ( ♦  ) .
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norm aliza tion  for secondary  pro tons was de te rm ined  by m atch ing  the high 
rigidity (> 1 GV) primary proton spectra at the start and end o f  the flight. 
U sing  th is  assum p tion  to co rrec t  the  m easu red  spec tra  fo r  a tm ospheric  
secondary  con tr ibu tions, Fig. IV .4 shows the prim ary  pro ton  spectra  at the 
top o f  the atmosphere near the start, middle, and end o f  the flight, i.e., at the 
three  in tervals  along the balloon  tra jec tory  iden tif ied  by the solid  lines in 
Fig. IV. 1.
IV.C. Comparison o f  the Measured Cutoffs and Calculated Cutoffs
T he "m easured"  g eom agne tic  cu to ffs  in the  chosen  in te rva ls  w ere 
taken to be the rigidities w here the num ber o f  prim ary protons was 50% of  
the num ber in the absence o f  any cutoffs. As shown by the com parisons in 
T ab le  I V .1, these values are approxim ately  25%  below  the nom inal cutoffs  
expected  from detailed  o rb it  ca lcu la tions based on the E a r th ’s surface field 
(Shea and Sm art 1983), bu t they genera lly  agree with earl ie r  observa tions  
(Bingham et al. 1968, McDonald 1957, Rygg 1972). It should be noted that no 
geomagnetic storm activity was reported for the period o f  the LEA P flight.
The nom inal geom agnetic  cu to ff  is an effec tive  c u to f f  based on an 
a verage  o f  the  S tp rm er  and m ain -cone  vert ica l  cu to ffs .  The penum bra l  
width at the location o f  our  m easurement was 8 - 1 2 % of  the nominal cutoff. 
The non-vertical direction cu to ff  seen by the -2 3  ° opening angle o f  the LEA P 
spec trom e te r  could  be 2 - 3% low er o r  h igher  than  the vert ica l  cu to ff ,  
depend ing  on w hether  the incident part ic le  arrived from the east or west. 
C onsequen tly ,  the obse rved  cu to f f  for an iso trop ic  flux cen te red  on the 









Figure IV .4 Primary protons at the top of the atmosphere for the "start" ( □ ) ,  
"middle" ( + ), and "end" ( •  ) o f  the flight.
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Table  IV. 1 Com parison  o f  nom inal and m easured cutoffs  along the LEAP 
t r a j e c t o r y .
S t a r t M id d le E n d
In te rv a l  S ta r t 255.7 E, 52.7 N 253.3 E, 50.7 N 251.0 E, 50.3 N
Interval Stop 255.5 E, 51.5 N 252.5 E, 50.7 N 250.2 E, 49.9 N
Nominal R c (GV) 0.66 - 0.78 0.92 - 0.94 1.02 - 1.09
M easured R c (GV) 0.54 0 . 6 8 0 .79
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The exact cause o f the low ered cutoffs is not know n, but one, o r m ore, 
o f  the fo llow ing  m echanism s m ay con tribu te  to the reduction: a ring  curren t
flow ing  w ith in  the m agnetosphere  (K ellogg  and W inck ler 1961); the sim ple 
confinem ent o f the m agnetosphere  by the so lar w ind and the rem oval o f the 
o u te r  m ag n e tic  f ie ld  (R o th w e ll 1959); an in te rp la n e ta ry  m ag n e tic  fie ld  
(Q uenby and W ebber 1962); en trance  o f  p a rtic le s  th rough  the  geom agnetic
tail (Reid and Sauer 1967). Sm art et al. (1969) tried to explain the discrepancy 
betw een the observation  o f  B ingham  et al. (1968) and their cu toffs calculated
w ith only  an in ternally  generated  m agnetic  field  by tak ing  in to  account the 
e x tr a te r r e s t r ia l  c u rre n ts .
It shou ld  a lso  be no ted  th a t th e  ob se rv ed  cu to ffs  are  n o t sharp  
(P en n y p ack e r e t al. 1973), p robab ly  re f lec tin g  som e in trin s ic  geom agnetic
e ffe c ts  (W ebber and M cD onald  1964). E arl (1962) d escrib ed  the c u to ff
o bserved  d u rin g  a c u to ff  d ep ression  asso c ia ted  w ith  a m ajo r so la r even t
(flare) as be ing  "quasi-sharp", w ith a AP = 48 - 55 MV w hen the cu to ff was 
about h a lf  its qu iet tim e value. F re ie r (1962) reported  a s im ila r non-sharp  
cu to ff w ith AP = 65 MV determ ined from  em ulsion  observations o f the sam e 
so la r event.
In observ ing  a penum bral region, a de tec to r w ith fin ite  reso lu tion  w ill
sm ear out the penum bral bands, and a sm ooth cu to ff transition  w ill appear to 
take place. It is also possib le to observe cosm ic rays at balloon altitudes that 
appear to  be below  the  S tp rm er c u to ff  (L ezn iak , Sm art, and Shea 1975). 
P a rtic les  that have a large frac tion  o f th e ir  tra jec to ries  c lose  to  the earth 's
su rface  w ill lo se  m ore energy  than  those  th a t do n o t, b ecau se  o f  the 
io n iza tio n  energy  loss in the ea rth 's  a tm osphere . The sm all frac tio n  o f 
p a rtic le  tra jec to rie s  w ith o rb its  tha t resu lted  in considerab ly  m ore than the
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average am ount o f  energy loss in the earth 's  atm osphere can appear at the 
de tec to r w ith low er than the S tprm er cutoff.
IV.D. Splash A lbedo Spectra 
Sp lash  albedo  is the  term  applied  to  the flux o f  secondary  partic les  
pro jec ted  upw ard from  the top o f  the atm osphere. The tim ing  data  from  the 
T O F co u n te rs  p e rm itted  d e te rm in a tio n  o f the  sp lash  a lbedo , w hich  o ften  
constitu tes  an unw anted  background  fo r balloon  experim ents. Splash  albedo 
p ro tons w ere selected  w ith the sam e c rite ria  as prim ary pro tons, excep t for 
th e ir  n e g a tiv e  tra c k  c u rv a tu re  and  n e g a tiv e  v e lo c ity  (u p w ard  m ov ing ) 
d irec tion . F igure  IV .5 show s the observed  splash  albedo spectra  fo r singly- 
ch arg ed  p a rtic le s , in c lu d in g  p ro to n s , k ao n s , p ions, m uons, and e lec tro n s . 
U sing the TO F to identify protons, it was found that the bum p ju s t below  1 GV 
in the Z  = +1 albedo spectrum  (solid sym bols) is due to  the proton com ponent. 
T ab le  IV .2 sum m arizes the observed  ratios o f  a lbedo  p ro tons to  dow nw ard 
m oving protons as a function o f rigidity. This ratio decreases with rig id ity  as 
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Figure IV.5 Splash albedo spectra for Z = +1 ( ♦  ) and Z = -1 particles ( □  ).
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T able IV .2. O bserved ratio  o f  albedo protons to dow nw ard m oving protons for 
d iffe re n t r ig id ity  b ins.
R (GV)____________  R a tio
0.562 - 0.631 (2.34 ± 0 .13)10-2
0.631 - 0.708 (1.54 + 0.09)10-2
0.708 - 0.794 (1.15 + 0.07)10*2
0.794 - 0.891 (6 .0 ± 0.5)10 - 3
0.891 - 1.0 (3.5 + 0.4)10-3
V. DIFFERENTIAL ENERGY SPECTRA
The to tal num ber o f  m easured nuclei o f a given species is p roportional 
to  th e  in s tru m e n t g e o m e tric  fa c to r  (3 3 0  c m 2 sr fo r  L E A P ) and the  
m easurem ent tim e, T, w hich m ust be corrected  fo r the dead tim e; the ratio o f 
dead tim e to  real elapsed tim e was about 0.3 fo r LEA P. In addition , overall 
instrum ent efficiency  (d iscussed  in Sec. III.E .) m ust be know n to  obtain  the 
abso lu te  fluxes.
The observed  p ro ton  and helium  fluxes are g iven  w ith  the associated  
errors in Table V .l and V .2 respectively . The proton and helium  spectra  are 
show n in Fig. V .l  a long  w ith the IM P - 8  sa te llite  da ta  fo r a 48 h r period  
(8 /21 /87  - 8 /22 /87) th a t o v erlapped  the L E A P flig h t (R eam es 1990) and 
previous balloon  data  (d iscussed  in Sec. V .A ). The IM P -8  sa te llite  has been 
m easu ring  the e lem enta l com position  o f  so la r energe tic  p a rtic les  s ince  1973 
(M cG uire, von  R osenv inge, and M cD onald 1986), and add itional da ta  fo r the 
period  3/1/87 - 7 /1 /87 , n ear the 1987 so la r m inim um , has been  reported  by 
M cDonald et al. (1990). The LEA P differential spectra at the top  o f atm osphere 
w ere  o b ta in ed  by u s in g  the  se m i-e m p iric a l to ta l rea c tio n  c ro ss  sec tio n s  
(G arcia-M unoz et al. 1987) to correct the  m easured spectra  fo r a ttenuation  in 
the  m atte r  above th e  M W PC s. T he resu lts  ag ree  q u a lita tiv e ly  w ith  the 
p rev ious h igh energy  balloon  data, but there  are g rea te r d iffe ren ces  am ong 
the experim en ts  than  the  s ta tis tica l e rro rs  w ould  perm it. T h erefo re , it is 
necessary to d iscuss som e o f  the potential sources o f  system atic error.
T he erro rs assoc ia ted  w ith  the deconvolved  L E A P spectra , w hich are 
d iscussed further in Sec. V .B , are indicated  by erro r bars in Fig. V .l  if  they 
are larger than the sym bols used. M ost o f  the errors, how ever, are ~1% , i.e.,
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Table V .l Measured differential fluxes of protons at top of the atmosphere.
E n erg y  (M e V /n u c le o n )  F  (m 2 - s r - s e c - M e V /n u c le o n ) - 1________AF
2 .1 2  x 1 0 2 1.96 x 10° 1.85 X o - 2
2.99 x 102 2 .2 2  x 10° 1.47 X 0 - 2
4.22 x 1 0 2 2 .1 2  x 10° 1.15 X 0 - 2
5.97 x 102 1.84 x 10° 8.89 X O' 3
8.43 x 102 1.41 x 10° 6.55 X o - 3
1.19 x 103 9.77 x i o - 1 4.59 X o - 3
1 .6 8  x 103 6.32 x i o - 1 3.11 X O' 3
2.38 x 103 3.75 x i o - 1 2 .0 2 X o - 3
3.36 x 103 2.07 x i o - 1 1.26 X o - 3
4.22 x 1 0 3 1.33 x i o - 1 8.96 X o - 4
5.32 x 103 8 .1 2  x IO' 2 6.25 X o - 4
7.30 x 103 4.04 x 1 0 ‘ 2 5.99 X o - 4
9.94 x 103 1.93 x IO’ 2 3.12 X o - 4
1.29 x 104 9.96 x IO' 3 1.75 X o - 4
1.82 x 104 4.10 x IO’ 3 8.13 X O’ 5
2.27 x 104 2.29 x IO' 3 4.91 X O’ 5
2.59 x 104 1.62 x IO' 3 3.64 X O’ 5
3.00 x 104 1.09 x io - 3 2.59 X O*5
3.58 x 104 6 .8 6  x IO' 4 1.74 X 0-5
4.41 x 104 3.94 x IO’ 4 1 .1 0 X 0-5
5.74 x 104 1.96 x IO' 4 6.25 X 0 -6
8.24 x 104 7.69 x IO’ 5 3.00 X 0 -6
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Table V.2 M easured differential fluxes o f helium  nuclei at top o f  the 
a tm o s p h e r e .
E n e rg y  (M e V /n u c le o n )  F  (m 2 - s r - s e c - M e V /n u c le o n ) - 1_______ AF
2 .1 2  x 1 0 2 3.40 x O' 1 6.70 X IO- 3
2.99 x 1 0 2 2 .8 6  x O’ 1 5.15 X IO- 3
4.22 x 102 2.35 x O' 1 3.90 X IO- 3
5.97 x 1 0 2 1.75 x O' 1 2 .8 6 X io-3
8.43 x 102 1.23 x O' 1 2.05 X 1 0 ‘ 3
1.19 x 1 0 3 7.99 x o-2 1.40 X IO' 3
1 .6 8  x 103 4.62 x o-2 8.94 X 1 0 -4
2.38 x 103 2.51 x o-2 5.54 X 1 0 -4
3.36 x 1 0 3 1.21  x o-2 3.22 X 1 0 -4
4.22 x 1 0 3 7.19 x O' 3 2 .2 1 X 1 0 -4
5.32 x 103 4.36 x o-3 1.01 X 1 0 -4
7.14 x 1 0 3 2.14 x o-3 1.05 X 1 0 -4
9.67 x 103 1 .0 2  x o-3 5.18 X IO' 5
1.25 x 104 5.39 x O' 4 3.27 X 10-5
1.74 x 104 2.33 x o-4 1.47 X IO' 5
2.16 x 104 1.36 x O' 4 9.72 X IO' 6
2.83 x 104 6.83 x O' 5 5.73 X IO' 6
4.08 x 104 2.69 x O' 5 2.57 X IO' 6
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F igure  V .l  D ifferen tia l energy  spectra fo r cosm ic ray p ro tons and helium  
nuclei m easured in 1987 ( •  for LEAP; O fo r IM P -8 , from Ream es, 1990) along 
w ith  p rev ious balloon  m easu rem en ts: O (76 data), □  (79 data), W ebber et al. 
(1987); V, Ryan et al. (1972); A , Smith et al. (1973).
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sm alle r than the size o f  the sym bols. The po ten tia l sources o f  system atic  
e rro r  in  b ack g ro u n d  re je c tio n  and p a rtic le  se le c tio n  w ere  d isc u sse d  in 
Sec.III.E . The overall flux uncertain ty  depends m ainly on the uncertain ty  in 
the o vera ll e ffic ien cy  g iven  in T able  III .4, w hich  is about 12% fo r both 
protons and helium . The uncertain ty  in exposure fac to r was 2 - 3%, so the 
o vera ll flux  u n certa in ty  w ould  be ~15% , w hich  ag rees w ith  es tim a tes  by 
G olden  (1990) based  on resu lts  from  repeated  fligh ts  o f  the  balloon -bo rne  
spectrom eter. This overall flux uncertain ty  m eans that the spectra  m ay shift 
up o r down by ~15% , but the spectral shapes would not be affected.
V.A. Spectra at High Energies (above 10 GV)
N um erous ex p e rim en ts  have been  p e rfo rm ed  in the  p as t to  study  
p ro to n s  and  h e liu m . H o w ev er, few  d ire c t  m ea su rem e n ts  s ig n if ic a n tly  
g rea ter than 10 GV have been m ade, and none has covered the LEA P energy 
range (0.5 - 100 GV) with a single instrum ent. The LEA P differen tia l spectra 
above 10 GV follow  a rig id ity  pow er law with spectral indices o f  2 .74 -  0.02 
for protons and 2.68 -  0.03 fo r helium . The com parable m easurem ents shown 
in Fig. V .l  are: (1) W ebber e t al. (1987), who observed the spectral index o f
2.70 ± 0.05 fo r both pro tons and helium  w ith the sam e m agnet spectrom eter 
in 1976 and 1979 - the  e a r l ie r  f lig h ts  had  lo w er s ta t is t ic s  a t h ig h er  
geom agne tic  c u to ff  and som ew hat h ig h er m axim um  d e te c ta b le  r ig id ity  fo r 
the raw  data (90 GV and 120 GV, respectively, for the 1976 and 1979 flights); 
(2) R y an , O rm es, and B a lasu b rah m an y an  (1 9 7 2 ), w ho o b se rv e d  sp ec tra l 
indices o f 2.75 ± 0.03 for 50 - 1000 GeV/nucleon protons and 2.77 ± 0.05 for 
20 - 800 G eV /nucleon helium  using  an ion ization  ca lo rim eter; and (3) Sm ith 
et al. (1973), who reported  spectral indices o f  2.63 ±  0.08 and 2.47 ± 0.03,
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resp ec tiv e ly , fo r p ro tons and helium  in the range 8.3 - 100 GV using  a 
superconducting  m agnet spectrom eter. Not show n in Fig. V .l is the data o f 
Verma et al. (1972), who reported a spectral index o f  2.8 ± 0.15 for 22 - 150 GV 
helium  using  a perm anent m agnet w ith an em ulsion  stack.
The e rro rs  fo r the deconvolved  spectra  w ere es tim a ted  by the sam e 
m ethod used by W ebber et al. (1987), i.e ., the sum o f the sta tistical errors and 
th e  e rro rs  a sso c ia te d  w ith  the  in c re m e n ta l ch a n g e  re s u ltin g  from  the 
d e c o n v o lu tio n  p ro cess :
T he energy  spectra  befo re  the  deconvo lu tion  are show n in F ig . V.2
along  w ith  the  s ta tis tica l e rro r bars if  they are larger than the  size  o f the 
sym bols. T he cu rves  show  the  spectra  a fte r  the deco n v o lu tio n . At the
h ig h es t en e rg ies  the  spectra  ex h ib it f la tten in g  due to  co n v o lu tio n  e ffec ts , 
and the s ta tis tic a l e rro rs  are  qu ite  large. The de flec tio n  b in  size  in the 
d e c o n v o lu tio n  p ro cess  w as 0 .0 0 5 , and the c o rre sp o n d in g  h ig h es t r ig id ity  
interval was 100 - 200 GV. The pow er law spectral shapes in the 10 - 100 GV 
reg io n  are  n o t se n sitiv e  to  the  d eco n v o lu tio n  p ro cess . H ow ever, it is
im portan t to resolve the sp ill-over among the rig id ity  b ins. The errors in the
spectral ind ices before  deconvolu tion  do not exceed the errors in the spectral 
indices fo r the deconvolved spectra obtained by the above m ethod.
T he e rro rs  in the spectra l ind ices es tim ated  above w ere checked  by
es tim a tin g  the  e rro rs  due to  the reso lu tio n  fu n c tio n  u n c e rta in tie s . T he
V.B. D econvolution E rror
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F igure  V .2 C om parison o f the energy spectra  before  the  deconvolu tion  
( • ,  protons; ■, helium ) w ith the spectra after the deconvolu tion  ( ------ ).
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reso lu tio n  function  was m easu red  by o p e ra tin g  the sp e c tro m e te r w ith  the 
m agnet o ff, and the s ta tis tica l fluc tuations could cause  u n certa in tie s  in  the 
re so lu tio n  fu n c tio n . T he  e ffe c t o f  th is  s ta t is t ic a l  f lu c tu a tio n  on the  
d e c o n v o lu tio n  re su lt  can  be e s tim a te d  by re p e a tin g  th e  d e c o n v o lu tio n  
p rocess u sing  a M onte C arlo  genera ted  reso lu tio n  function . H ow ever, in 
o rder to check the erro r lim it, we chose to  fluctuate  the reso lu tion  function  
w ith the m axim um  sta tis tica l e rro r fo r all the deflection  bins, i.e ., the errors 
fo r individual b ins w ere chosen to  have the m axim um  e rro r instead  o f  being 
ran d o m ly  s e le c te d . T h is  la t te r  a p p ro ach  o v e re s tim a te s  th e  re so lu tio n  
fu n c tio n , b e c au se  it is very  u n lik e ly  fo r th e  re so lu tio n  fu n c tio n  to  
experience  such  ex trem e fluc tuation . On the  o th er hand , it  exped ited  the 
analysis, com pare to  a full M onte C arlo m ethod, and ind icated  the m axim um  
erro rs  in the  sp ec tra l ind ices  due to  the  re so lu tio n  fu n c tio n  u n ce rta in ty , 
w hich w ere 0.03 and 0.05 for proton and helium , respectively.
VI. SOLAR MODULATION
It has been know n fo r m any years that the in tensity  o f  cosm ic rays 
n ear the earth  varies on an 1 1 -year cycle  in opposite  phase  to  the so lar 
activ ity , as m easured by sunspot num ber and o ther so la r and coronal activity  
indices. F igure VI. 1 show s the in tensity  o f  neu trons de tec ted  by the O ulu, 
F in land  neu tron  m on ito r o v e r a period  tha t spanned  th ree  successive  so lar 
m in im a (cosm ic ray in tensity  m axim a). T here is a fa ir co rre la tion  betw een
the s treng th  o f the so la r cyc le  as m easured  by sunspo t num ber, and the 
am ount o f decrease in the cosm ic ray flux. T his phenom enon o f  the Sun's 
in fluence  p reven ting  the cosm ic rays from  p ene tra ting  to  the  o rb it o f  Earth
is know n as solar m odulation.
VI.A. M odulation Theory 
T he o u ter a tm osphere  o f  the  Sun undergoes a co n tin u o u s expansion  
and produces a flow  o f p lasm a out through the in terp lanetary  m edium  that is 
know n as the so lar w ind. The speed o f th is flow  is quite  variab le  near the 
ec lip tic  p lane , bu t g en e ra lly  averages abou t 400  k m /s , and  the  flow  is
essentially  alw ays in the radial direction. The p ressure  o f  the flow  appears to
be sufficien t to  sweep back the in te rste lla r m edium  for d istances in excess o f 
50 AU from the Sun (Axford 1972). A pparently , the g reater the so lar activity , 
the sho rte r the m ean free path  o f the pa rtic les  and, hence, the  sm aller the 
cosm ic ray flux that reaches the Earth. T herefore, m odels o f so la r m odulation 
can c o n s id e r  o n e -d im en s io n a l rad ia l d iffu s io n  w o rk in g  a g a in s t the  bu lk  
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Figure VI. 1 The in tensity  o f  neutrons detected  by the O ulu, F in land  neutron 
m on ito r fo r th ree successive  so la r m inim a.
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The spherically  sym m etric m odel described by G leeson & A xford (1968) 
and F isk , Form an & A xford  (1973) has been  used  to  d e sc rib e  the so la r 
m odula tion  o f  cosm ic rays in the he liosphere . In th is s tandard  m odel the 
co sm ic  ray s  p ro p ag a tin g  th ro u g h  the  so la r  w ind  are  su b je c ted  to  the  
fo llow ing  tran sp o rt p rocesses: ( 1 ) d iffu sio n  th rough  the  tu rb u len t m agnetic  
fie lds; (2 ) convection  by the outw ard m otion o f  the field  em bedded in the 
so la r w ind; and (3) ad iabatic  deceleration  by the expansion  o f  the fie lds as 
they p ropagate  away from  the sun. In th is m odel, a Fokker-P lanck  equation 
de te rm ines, in p rin c ip le , th e  p a rtic le  num ber d ensity  w hen the  so la r wind 
speed, the d iffusion  coeffic ien t, and the in te rs te lla r  cosm ic ray spectrum  are 
specified (Parker 1965, 1966; Gleeson and A xford 1967, 1968).
In  th e  q u a s i- s te a d y ,  s p h e r ic a l ly  s y m m e tr ic  m o d e l o f  th e  
in terp lanetary  m edium  discussed  by Parker (1965) and by G leeson  and A xford 
(1967), the  cosm ic ray num ber density  U (r,T ), p e r un it in te rv a l o f  k inetic  
energy  T , sa tisfies  the Fokker-P lanck  equation
T he c o rre sp o n d in g  s tre a m in g  S (r,T )  (ra d ia l c u rre n t d e n s ity ) , p e r  u n it 
in te rv a l o f  k in e tic  energy , has been  d e te rm in ed  by G leeson  and A xford  
(1967) to be
H ere k (r,T ) is the particle  d iffusion  coeffic ien t, V (r) is the so la r w ind speed, 




E quation VI. 1 is a parabolic  partial d ifferen tia l equation , and it can be
so lv e d  by  n u m e ric a l te c h n iq u e s . A n a c c u ra te  a p p ro x im a tio n  to  th e
d iffe ren tia l in tensity  at energ ies above a few  hundred  M eV /nucleon  can be
de te rm ined  from  the  equation :
V U -  - - J - J f ( « T U )  s  0. (VI.3)
T his equation  is know n as the 'fo rce-fie ld ' equation , since partic les  behave in
th is  approx im ation  as if  they  w ere m odula ted  by a h e lio cen tric  fo rce field  
(G leeson and A xford 1968).
VI.B. 1987 Solar M odulation Param eter 
W ith the so lar m odulation m odel thus specified , it was assum ed that the 
local in te rs te lla r  spectra  o f  pro tons and helium  at the helio spheric  boundary  
a re  d e sc r ib e d  by o u r h ig h  en e rg y  sp e c tra , ~A R ‘ ^-74 an(j ~BR"2-6 8 > 
respectively , and we have m odulated those spectra to  obtain the best fit to the 
1987 LEA P m easurem ents.
The norm alization  constan ts A and B were chosen to  m atch the LEA P 
data  near 100 G eV /nucleon , w here the m odulation  e ffec t is neg lig ib le . The 
diffusion  coeffic ien t was chosen to  be k = C opR , w here Co can be adjusted to 
ob tain  the  best agreem ent betw een the ca lcu la ted  and observed  spectra . A 
h e lio sp h e ric  boundary  d is tan ce  re  = 50 AU and a solar wind speed v = 400 
km /sec w ere assum ed in the ca lcu la tions.
T he  n u m erica l so lu tio n  to the  steady  s ta te  sp h e ric a lly  sym m etric  
Fokker-P lanck  equation  at radius r = 1 AU, i.e ., the m odulated  spectra, have 
been  com pared  w ith  the  L E A P p ro to n  and helium  m easu rem en ts . T he
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re s u l t in g  s e ts  o f  m o d u la te d  s p e c tra , re p re s e n tin g  v a r io u s  m o d u la tio n  
param eters, are shown with the LEA P data in Fig. V I.2. The coeffic ien t Co = 
1.96 x 102 2  cm 2 /sec-G V  gives the best fit to the data. This corresponds to the 
so lar m odulation param eter $ = 500 M V, where
A llo w in g  fo r the  15% sy s te m a tic  u n c e rta in ty  in the  L E A P  flu x es , the
m odulation param eter was determ ined to be 4> = 500 ± 75 MV. The low energy
IM P -8  da ta  apparently  g ive  b e tte r  agreem ent w ith <]> = 600 M V. T his small 
d iscrepancy  m ay be a ttribu ted  to the  in te rs te lla r  spectral form  not fo llow ing  
the rig id ity  pow er law precisely at low energies. No effort was m ade to fit the 
L E A P and IM P -8  data  at the  sam e tim e. T he energy  loss due to  so la r 
m odulation is given by AE = Ze<|> for charge Z particles. Taking different r s  or 
v did not change the result, i.e ., r f lv /C o  = constant, which w ould be larger at 
tim es o f  h ig h er so la r ac tiv ity , e ith e r  from  la rg e r  va lues o f  v /k  o r from  
increased  d istances , r f i, to the boundary.
The proton and helium  spectra observed by LEA P soon after the M arch 
1987 cosm ic ray in tensity  m axim um  near the so lar m inim um  betw een the 21st 
and 22nd so lar cycle (Shea and Sm art 1990) and the IM P -8  d a ta  (M cD onald et 
al. 1990) du ring  3/1/87 - 7 /1 /87 are com pared  w ith m easurem ents from  the 
1977 and 1965 so lar m inim a in Figs. V I.3 and VI.4, which also show the 1969 
so la r m axim um  data for com parison. F igure V I.3a com pares the LEA P proton 
data  w ith the 1977 so lar m inim um  m easurem ents, w hile F ig. V I.3b show s this
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Figure V I.2 D ifferential energy spectra for cosm ic ray p ro tons and helium  
nuclei m easured in 1987 (closed circles fo r LEA P, open circ les for IM P-8 ). 
The tw o sets o f  curves represen t the local in te rste lla r and m odulated  spectra 
for protons (solid lines) and helium  (dashed lines). See L ist o f  F igures, page 



















Figure VI.3a Comparison o f the 1987 LEAP ( •  ) and IMP-8 ( □ ) proton spectra
with measurements during the 1977 solar minimum. See List of Figures,



















Figure VI.3b Comparison of the 1987 LEAP ( •  ) and IMP-8 ( □ ) proton spectra
with measurements during the 1965 solar minimum. See List o f Figures,



















Figure VI.4a Comparison of the 1987 LEAP ( •  ) and IMP-8 ( □ ) helium spectra
with measurements during the 1977 solar minimum. See List of Figures,



















Figure VI.4b Comparison of the 1987 LEAP ( •  ) and IMP-8 ( □ ) helium spectra
with measurements during the 1965 solar minimum. See List of Figures,
page x, for com plete symbol references.
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LEA P helium  data  w ith the 1977 so lar m inim um  m easurem ents, w hile 
F ig . V I.4b  show s the com parison  fo r the 1965 so lar m inim um . The upper 
curves in Parts a o f  both Figs. V I.3 and V I.4 represent m odulation theory fits 
by E venson et al. (1983) to  the 1977 solar m inim um  m easurem ents, while the 
u p p e r  c u rv e s  in  P a rts  b re p re se n t f its  to  the  1965 so la r  m in im um
m easurem ents. The low er curves in the figu res rep resen t f its  to the 1969 
so la r m axim um  m easurem ents. The cosm ic ray fluxes w ere a b it h igher in
1977 than  d u rin g  the p rev ious 1965 so la r m in im um , w hereas the abso lu te  
fluxes o f  p ro tons and helium  observed  by LEA P in 1987 w ere approxim ately  
equal to  the h ighest fluxes observed during 1977. T he 1987 fluxes observed
by IM P -8  at low er energ ies w ere som ew hat c loser to the m odulation  level o f
the 1965 so lar m inim um .
The so la r m odu la tion  p a ram ete r fo r so la r m inim um  has prev iously  
been  estim ated  (E venson et al. 1983) to be 300 - 600 MV by fittin g  the
m easu red  e le c tro n  spectrum  u s in g  the  local in te rs te lla r  e le c tro n  spectrum  
deduced  by C um m ings, S tone and V ogt (1973) from  the galac tic  non-therm al 
radio em ission. It has also  been estim ated to be 450 — 100 M V from  the
quarte t o f  prim ary and secondary isotopes 1H, 2 H, 3 He, and 4 He (W ebber and
Y ushak 1983; K roeger 1986). These estim ates are in good agreem ent w ith our
value o f  500 M V. T herefore, as suggested by W ebber (1987), rig id ity  pow er 
law  s p e c tra  ap p ear to  be rea so n a b le  fo rm s fo r th e  p ro to n  and helium  
in te rs te lla r  spectra  above 200  M eV /nucleon .
VII. RE-ACCELERATION
V II.A  R e-accelera tion  C oncept
O f the m odels that have been used to describe the charge com position
and energy spectra  o f  cosm ic rays (C esarsky  1980), the standard  "leaky-box
m odel"  is the  s im p les t p h en o m e n o lo g ic a l m odel th a t can s im u ltan eo u sly  
account fo r the observed cosm ic ray isotropy and the elem ental and isotopic 
com positions. In th is m odel, cosm ic rays are trapped  in the galaxy , which 
they  fill u n ifo rm ly , bu t they have a ce rta in  p ro b ab ility  o f  escap ing  into 
ex tragalac tic  space. I f  partic les  do not su ffe r energy gain o r losses during 
th e ir  in te rs te lla r  trav e l, ex cep t fo r io n iza tio n , the  only  free p a ram ete r in 
th is m odel is the m ean escape length  A,e . In o rder to explain  the observed 
varia tion  o f  the  ratio  o f  secondary -to -p rim ary  nuclei w ith energy , tw o types
o f  energy dependence have been suggested  (D aniel and S tephens 1975). The 
first one relates to  energy dependent confinem ent in the G alaxy and is called 
the "m odified leaky box m odel". The second one relates to energy dependent 
confinem ent in the source regions and is called  the "nested leaky box m odel".
In the fram e work o f  the leaky-box m odel, E ngelm ann et al. (1985) 
have  reconstruc ted  the source  spectra  by m aking the reverse  transfo rm ation  
from  the observed  spectra. It was found that the observed p ro ton  spectrum  
could  be w ell explained  by a source spectrum  w ith a m om entum  pow er law 
index o f  2.1, w hile the CNO data required a broken source spectrum , w ith a 
steeper index o f  2.4 in the range o f  about 3 - 5 0  G eV /nucleon and a 2.1 index 
fo r  h ig h e r  en e rg ies .
W andel et al. (1987) were able to reproduce the observed B/C  ratio  by 
in c lud ing  cosm ic ray re -accc le ra tio n  du ring  p ro p ag a tio n  w ithou t invok ing
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the ad hoc assum ptions o f  d iffe ren t source spectra. In th is re-acce lera tion  
m odel, cosm ic  rays are co n tin u o u sly  re -acce le ra ted  by w eak shocks w hile 
p ropagating  through the galaxy , in addition  to th e ir  in itia l acce lera tion  by a 
s tro n g  shock . By in tro d u c in g  re -a c c e le ra tio n  p ro ce sse s  (c o n tin u o u s  o r 
sporad ic), it is hoped  that the p roblem s o f  the  one-sho t acce lera tion  m odel 
will be m itigated , nam ely that re-acceleration  m odels w ill m ake it possib le  to: 
(1) d isso c ia te  se co n d a ry /p rim ary  ra tio s  from  the  an iso tro p y  (G ile r  e t al. 
1987); (2) so lve som e com position  d iscrepanc ies by tak ing  advan tage  o f  the 
v a ria tio n s  o f  c ro ss-sec tio n s  w ith energy  at low  en erg ies  (S ilbe rberg  e t al. 
1983; M eyer 1985; L etaw  et al. 1987); and (3) he lp  o ffse t the need fo r 
truncation  o f  short path lengths (G uzik, W efel, and B eatty  1987).
VII.B. R e-acceleration E ffect on the p/H e R atio
Since h igher energy cosm ic rays escape m ore readily  from  the G alaxy, 
the  sp ec tra l m o d if ic a tio n  in tro d u ced  by re -a c c e le ra tio n  w ou ld  be energy  
dependen t. T h is e ffec t shou ld  be e spec ia lly  n o ticeab le  fo r lig h t e lem en ts, 
p a rtic u la r ly  p ro to n s  and h e liu m , w hose  in te ra c tio n  m ean  free  pa th s  are 
m uch longer than th e ir  escape m ean free paths (S tephens and G olden 1989).
The e ffec ts  o f  re -acce le ra tio n  have  been  exam ined  by com paring  the 
LEA P observa tions w ith the  S tephens and G olden (1990) ca lcu la tion  o f  the 
p/H e ratio  based on the W andel et al. (1987) d istribu ted  re-acceleration  m odel. 
The p/H e ratios from the LEA P experim ent are show n in Figs. VII. 1 and VII.2 
along w ith the prev ious m easurem ents o f  W ebber et al. (1987), R yan et al. 
(1972), W ebber and Yushak (1983), Rygg and Earl (1971), Burnett et al. (1990), 
and the com piled  d a ta  rep o rted  by S im pson  (1983 ). In F ig . V I I .1 the
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F ig u re  V II. 1 P ro ton  to  helium  ra tio  as a fu n c tio n  o f  en e rg y . The 
e x p e rim e n ta l m ea su rem e n ts  are  com p ared  w ith  c a lc u la tio n s  o f  the  p /H e  
ratios near the earth w ith re-acceleration  (Stephens & G olden 1990). See L ist 
o f  F igures, page x, fo r com plete sym bol references.
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F ig u re  V II .2 P ro ton  to  helium  ra tio  as a fu n c tio n  o f  en erg y . The 
e x p e rim e n ta l m easu rem en ts  are  com pared  w ith  c a lc u la tio n s  o f  the  p /H e  
ratios near the earth  w ithout re-accelera tion  (S tephens & G olden 1990). See 
L ist o f  F igures, page x, for com plete sym bol references.
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experim en tal m easurem ents are com pared  w ith the ca lcu la ted  sets o f  curves 
fo r the p /H e ra tio s  n ear the  earth  at so lar m inim um  tak in g  in to  account re­
acceleration. The decrease o f the calculated  ratio  at h igher energies is due to 
the  e ffec t o f  the energy  dependen t confinem en t, i.e ., the tim e ava ilab le  for 
re -a c c e le ra tio n  d e c re a ses  as the  en erg y  in c re ase s  (S te p h e n s  and G o lden  
1990). A t very h igh energ ies the re-accelera tion  becom es ineffec tive , so the 
p/H e ratio  w ould approach the in jec tion  value.
In o rd e r  to  f a c ili ta te  the  c o m p a riso n , the  c a lc u la te d  cu rv e s  are 
norm alized  to  the h igh energy  (~100 G eV /nucleon) L E A P data  in Fig. V II .la  
and to  the low  energy (~1 G eV /nucleon) LEA P data  in  F ig. VII. lb . In both 
p a rts  o f  F ig . V II. 1 the  so lid  cu rv e s  a re  b ased  on  r ig id ity -d e p e n d e n t 
p ropaga tion  w ith  pow er law  in jec tion  spectra  in r ig id ity , w hile the dashed 
cu rves are  fo r m om entum -dependen t p ropaga tion  w ith  p o w er law  spectra  in 
m om entum . C om parison o f Figs V II .la  and V II .lb  show s that when the curves 
are norm alized to fit the high energy data  the calcu lated  ratios are about 30% 
h igher than the low energy data , w hereas w hen the  curves are norm alized  to 
fit the low energy data the calculated ratios are 20 - 30%  low er than  the high 
energy  data . In the la tte r  case, the d iscrepancy  betw een  the m easurem ents 
and the ca lcu la tion  above a few  G eV /nucleon  becom es larger as the  energy 
increases. H ow ever, an ex trapo la tion  o f  the curves to  h ig h er energ ies agrees 
with the Burnett et al. (1990) ratio 12 -  3 .6 above 2 TeV /nucleon.
F ig u re  V II .2 com pares  the  m easu rem en ts  w ith  the  c a lc u la te d  p /H e
ratios w ithou t re-acce lera tion . The sym bols and curves are  the sam e as in 
F ig . V II. 1. N otice  that the  slope o f  the  cu rves changes at tw o  d iffe ren t
energ ies  w hich co rrespond  to  the sam e rig id ity  (5 .5  G V ) fo r p ro to n s and
helium  fo r the r ig id ity  dependen t p ropaga tion , and to  the  sam e m om entum
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(11 G e V /c )  fo r  p ro to n s  and  h e liu m  fo r  th e  m o m e n tu m  d e p e n d e n t 
propagation . W hen the curves are norm alized to  fit the  h igh energy data, as 
show n in F ig . V II.2a, the  ca lcu la ted  ratios co rrespond ing  to  rig id ity  spectra  
w ith rig id ity  dependen t p ropagation  (so lid  curve) agree w ell w ith the LEA P 
data. H ow ever, the dashed  curve co rrespond ing  to m om entum  spectra  with 
m om entum  dependen t p ro p ag a tio n  is abou t 35%  low er th an  the  m easured  
ratios. W hen the curves are norm alized to  fit the low  energy data, as shown 
in F ig. V II.2b, the solid  curve  agrees well w ith the data  w hile the dashed 
curve is about 40%  h igher than  the high energy LEA P data. A lthough the
dashed curve agrees w ith som e o f  W ebber's da ta  poin ts, its constan t slope in 
the 4 - 11 G eV /nucleon in terval does not agree w ith the m easurem ents. It
should  be noted that the conclusion  o f  S tephens and G olden (1990) that the 
propagation  o f  cosm ic rays is dependent on m om entum  was m ade on the basis 
o f  fo rm er m easu rem en ts w ithou t the in te rm ed ia te  energy  da ta  p rov ided  by
LEA P. The d isagreem ent betw een the universal abundance ratio  o f  10 - 14 
(Cam eron 1973; Grevesse and A nders 1988) and our p/H e ratio o f  20 ± 1 above 
10 G e V /n u c le o n , w h ich  c o u ld  re f le c t  th e  so u rc e  ra t io , m ay  re f le c t  
p re fe re n tia l a c ce le ra tio n  e ffe c ts  re la te d  to  the  f ir s t  io n iz a tio n  p o ten tia l
(Havnes 1973; Kristiansson 1971; Casse and Goret 1973; W ebber 1975, 1982).
In sum m ary, the com parisons in F igs VII. 1 and V II.2 show  that the data 
do not support re-acce lera tion  o f  the m agnitude  suggested  fo r heavy nuclei 
by W andel et al. (1987), but the data agree with the case o f  no re-acceleration 
during  a propagation  tha t is dependent on rig id ity  (W ebber e t al. 1987) and 
w ith  an in jec tion  spectrum  that is a pow er law  in r ig id ity  (W ebber and 
L ezn iak  1974).
VIII. SUMMARY AND CONCLUSIONS
The cosm ic ray proton and helium  spectra have been m easured in 1987
w ith  a b a llo o n -b o rn e  su p e rc o n d u c tin g  m ag n e t sp e c tro m e te r  o v e r  a w ide 
energy  range w ith  h igh sta tis tic s  near the so la r m inim um  betw een the  2 1 st
and 22nd so la r cycle (Shea and Sm art 1990). The e ffec t o f  the changing
geom agnetic  cu to ff  was observed  in the low  energy  p ro ton  da ta  th roughou t
the flight, as the balloon 's trajectory m oved over the 0.66 GV to 1.10 GV range 
o f  nom inal cu to ff values calculated  by Shea and Sm art (1983). The m easured
cutoffs w ere consisten tly  about 25% low er than the nom inal cu to ffs, bu t they
generally  agreed with ea rlie r observations (B ingham  e t al. 1968).
T he observed  p ro ton  and helium  abso lu te  fluxes w ere approx im ate ly
equal to the h ighest fluxes seen during the  prev ious so la r m inim um  in 1977.
A bove 10 GV the spectra can be represented by pow er law s in rig id ity  with
spectral indices o f  2.74 ± 0.02 for protons and 2.68 -  0.03 for helium . Using 
these  form s fo r the in te rs te lla r  spectra , ou r m easu rem en ts in d ica te  tha t the
m odulation param eter was <(> = 500 MV during the 1987 solar m inim um .
T he observed  p /H e ra tio  does no t su p p o rt re -a c c e le ra tio n  o f  the
m agnitude suggested  fo r heavy nuclei (W andel e t al. 1987). M oreover, our
resu lt agrees w ith the ca lcu la tion  o f  S tephens and G olden (1990) based  on
rig id ity  p o w er law  in je c tio n  sp ec tra  and rig id ity  d e p en d en t p ro p ag a tio n
w ith o u t re -a c c e le ra tio n .
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APPENDIX A. THE BBMF ON-BOARD ELECTRONICS AND DATA SYSTEM
The BB M F em ploys standard NIM  and CAM AC electron ics for the on ­
board system s and fo r the ground support equipm ent (G SE). Tables A .l and 
A .2, respectively  give the CA M AC and N IM -bin slot a llocations fo r the LEA P 
flig h t. T y p ic a lly , p u lse -h e ig h ts  w ere m easu red  u s in g  L eC roy  R esearch  
System  (LR S) fast a n a lo g -to -d ig ita l co n v erto rs  (A D C 's) and tim es-o f-f lig h t 
w ere m easu red  u s in g  LR S tim e -to -d ig ita l  c o n v e rte rs  (T D C 's). S tandard  
m odules w ere also ava ilab le  to genera te  and sense TTL, N IM , and analog 
v o lta g e s . R e lay  c lo su re s  ra ted  fo r 3 -am p c u rre n ts  (60  la tc h in g , 40 
m om entary) w ere also  availab le .
The process o f  event recognition and d ig itiza tion  was based on the on­
board NIM  and CAM AC electronics. As an exam ple, for the LEA P experim ent, 
Fig. A .l shows the logic diagram , and Fig. A.2 shows a diagram  o f  the CAM AC 
system . The Cam ac cra te  incorporated  the com puter, w hich perform ed in itial 
e v e n t  r e c o g n i t io n ,  e v e n t  p r e - s e le c t io n ,  d e a d tim e  an d  e f f ic ie n c y  
m e a su re m e n ts , and te le m e try  q u e u in g  o p e ra tio n s . T h e  c o m p u te r  was 
eq u ip p ed  w ith  an o p e ra tin g  system  that su p p o rted  u p d a tin g  o f  se lec tio n  
criteria , event recognition m odes, and acceptance o f  recoded softw are. It was 
capab le  o f  tran sm itting  180 even ts/sec , includ ing  a p re-tran sm ission  tes t for 
valid  spatial de tec to r data.
A .l . T rigger Process 
T rig g erin g  o f  the L E A P and M ASS instrum en t occurred  w henever a 
p artic le  traversed  at least one paddle in each o f  the four sc in tilla to r-padd le  
layers (T1 - T 4), thereby  producing  the co incidence trigger and in itia ting  the
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Figure A .l LEAP logic diagram.
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even t read -ou t by the  onboard  da ta  p ro cessin g  e lec tro n ics . S igna ls  from  
each  P M T  w ere  d isc r im in a te d  w ith  LRS 4413  d isc r im in a to rs . T he 
d iscrim inated  signals were fed to a LRS 4564 logic un it, w hich produced 4 
signals signifying "hits" in T l ,  T2, T3, and T4. The four output signals, the OR 
o f  each p lane , w ere fed v ia  a LRS 4616 EC L/N IM  converter to  a LRS 356 
p rogram m able  co inc idence  unit. T he onboard  com pu ter requ ired  a nonzero  
signal in the S I sc in tilla to r as part o f a softw are trig g er to  e lim inate  som e 
unw anted  even ts  w hose tra jec to rie s  w ere no t in the ac tive  vo lum e o f  the 
M W PC stack. This served to lim it the data  rate. O nce form ed, a coincidence 
was distributed by 2 LRS 429 fanouts and one LRS 428F fanout. Event triggers 
a lso  se t a " read o u t-in -p ro g ress"  f lip -flo p  in the  B B M F in p u t/o u tp u t (I/O ) 
m odule. T his flip -flop  sign ified  the presence o f  an even t to the com puter, 
and also  generated  a veto  w hich inh ib ited  any fu rther d ig itiza tions w hile the 
cu rren t even t w as being  read  into the com puter. The com puter rese t the 
flip -flop  when the readout cycle was com plete. Both halves o f the LRS 356 
co inc idence  un it perfo rm ed  the sam e co inc idence  lo g ic , bu t the u pper h a lf  
(w h ich  g e n e ra ted  the  d ig it iz e r-s ta r t  s ig n a ls )  w as in h ib ite d  w h en ev e r the 
"readou t-in -p rog ress"  flip -flo p  was set. The low er h a lf  o f  the co incidence  
un it was not inh ib ited , and its output was fed to a counter. The num ber o f 
events surviving the veto process was also  counted.
A.2. Event D igitization 
E ach  even t resu lted  in tw o fram es, each con ta in ing  50 12-bit w ords. 
T ab le  A .3 show s the fo rm ats o f  the  sc ience  d a ta  fram es fo r the  LEA P 
experim ent. The contents o f  a few words were changed for the M ASS flight, 


























Table A .3a. Format for science frame No. 1.
W ord No. C o n te n ts  Data No. W ord No. C o n te n ts
0 1 5570 ( 8 ) 25 25 T20 PHA
0 2 0765 ( 8) 26 26 C l PHA
03 4001 ( 8) 27 27 C 2P H A
0 4 EPA SS-H I 28 28 C3 PHA
05 EPASS-LO 29 29 C 4P H A
06 T l PHA 30 30 C5 PHA
07 T2 PHA 31 31 C 6 PHA
08 T3 PHA 32 32 C 7P H A
09 T4 PHA 33 33 C 8 PHA
1 0 T5 PHA 34 34 C 9P H A
11 T 6 PHA 35 35 CIO PHA
1 2 T7 PHA 36 36 C l l  PHA
13 T 8 PHA 37 37 C12 PHA
14 T9 PHA 38 38 C13 PHA
15 T10 PHA 39 39 C14 PHA
16 T l 1 PHA 40 40 C15 PHA
17 T12 PHA 41 41 C16 PHA
18 T13 PHA 42 42 SI PHA
19 T14 PHA 43 43 S2 PHA
2 0 T15 PHA 44 44 T 8 TIME
2 1 T16 PHA 45 45 T7 TIME
2 2 T17 PHA 46 46 T 6 TIM E
23 T18 PHA 47 47 T5 TIM E
24 T19 PHA 48 48 T4 TIM E
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header fram e and the second fram e (Table A .3b) was called  the tra ile r fram e.
B oth  fram es con ta ined  a un ique  even t num ber, so th a t header and tra ile r
fram es that belonged  together could  alw ays be identified .
T ra jec to ry  in fo rm atio n  w as derived  from  the  T D C 's, w hich  derived  
th e ir  s tart pu lse  from  the event triggers and th e ir stop pu lse  from  constan t- 
frac tion  tim ing  d iscrim inato rs  (C FTD s) a ttached  to a pream p at each end o f 
each delay line. The tim e d ig itizers w ere read  out v ia the CA M AC K inetic 
System  (K S) 3430 input reg ister. The KS 3430 was m odified  to produce 24
in te rro g a te  s tro b e s , w h ich  w ere  co n n ec ted  to  th e  tim e  d ig itiz e rs . The
Cherenkov pulse-heights were m easured by LRS 2249 ADC's. The PM T's in the 
TO F system  were also pulse-height analyzed with LRS 2249 ADC's. The tim ing 
m easurem ents o f the TO F system  were m ade with LRS 2229 TD C m odules, using 
signals from  LRS 4413 d iscrim inato rs.
A.3. Data and Command Form ats 
D ata  w as tra n sm itte d  to  the  g ro u n d  by d ire c tly  m o d u la tin g  the  
tran sm itte r w ith a 150 kb its/sec  m iller-coded  (D M -M ) signal. A given trigger 
resu lted  in  several (a t least 2, bu t no t m ore than  7) fram es o f  science  
in form ation  (T able A .3c). These fram es w ere jo in ed  together on the ground 
by a softw are subroutine and placed in a com m on b lock  fo r subsequen t use 
by ana lysis  and reco rd ing  softw are.
T he housekeep ing  data  system  provided  fo r transm ission  o f 128 words 
c o n s is t in g  o f  te m p e ra tu re s , p re s su re s , v o lta g e s , c u rre n ts , c o u n te r  ra te s , 
e ffic ien cies , and se lec tion  log ic. N om inally , a com plete  housekeep ing  update 





















Table A.3b. Form at for science fram e No. 2 .
W ord No. C o n te n ts Data No. W ord No. C o n te n ts
0 1 5570 ( 8 ) 6 8 25 M2XA
0 2 0765 ( 8 ) 69 26 M2XB
03 4002 ( 8 ) 70 27 M7XA
04 EPA SS-H I 71 28 M7XB
05 EPASS-LO 72 29 M3XA
06 T3 TIME 73 30 M3XB
07 T2 TIME 74 31 M4XA
08 T l  TIME 75 32 M4XB
09 T12 TIME 76 33 M8XA
1 0 T i l  TIME 77 34 M 8XB
11 T10 TIME 78 35 M5XA
1 2 T9 TIME 79 36 M5XB
13 T20 TIME 80 37 M 1YA
14 T19 TIME 81 38 M1YB
15 T18 TIME 82 39 M 3YA
16 T17 TIME 83 40 M3YB
17 T16 TIME 84 41 M 4YA
18 T15 TIME 85 42 M4YB
19 T14 TIME 8 6 43 M 5YA
2 0 T13 TIME 87 44 M5YB
2 1 M 6XA 8 8 45 EPA SS-H I
2 2 M6XB 89 46 EPASS-LO
23 M1XA 90 47 SI TIM E





Table A.3c. Form at for science frame n > 2.
No. W ord No. C o n te n ts
0 1 5570 (8 )
0 2 0765 (8 )
03 4X 0n (8 ) where n = fram e No. and x = 0
04 EPA SS-H I except x = 1 for last fram e
05 EPASS-LO in th is  event
06 STAS DATA yyy = 92 + 42*(n-2)
48 STAS DATA zzz = 92 + 42*(n -l)
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A B IR A  3222 m odule  w as used to  p rov ide  m ost o f  the experim en t 
com m ands ex te rio r to the CA M A C system . The binary  (on/off) sta tus o f  the 
detecto rs o r the eng ineering  data  subsystem s w as a ltered  by w riting  into the 
BIRA  3222 ou tpu t reg ister. E ach dev ice  to be con tro lled  was m odified  as
required to accept directly  the BIRA 3222 output as control input. The BIRA 
3222 also provided seven lines to each channel o f the coincidence units to set
trigger m odes (i.e ., singles, doubles, trip les, quadruples, etc .). The BIRA 3222
was loaded by a 24 bit w rite to sub-address 0 and 1.
Tw o KS 3110 d ig ita l-to -an a lo g  converters , each  o f  w hich p rov ided  8 
channels o f  10 b it 1.0 - 10.0 V analog  levels, w ere used  to con tro l the
instrum en t vo ltages. V erifica tion  o f  the change o f  the d isc rim in a to r levels 
and the M W PC high voltages w ere achieved by exam ining the changes in the 
co rrespond ing  KS 3615 ra te -m eters.
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